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1.1 Single-cell studies 
Cells are life’s atoms - the basic units of all life; a single cell can grow and develop 
into a whole organism; a single cell cultured on an agarose plate can form a 
bacterial colony; a single cell can cause a disease; a single cell can give us insight 
into how life really functions. Arguably, the very first observation of algae and 
flagellates in water droplets by Antonie van Leeuwenhoek showed that single-cell 
studies can result in interesting discoveries.1 The importance of studying individual 
cells has been realized for a long time. However, available technology has 
persistently remained a limiting factor and hampered the study of large numbers of 
cells in sufficient quantitative detail. The development of new technologies in the 
area of high-throughput single-cell analysis has revolutionized our understanding 
of how complex cellular and molecular systems operate.2-5  
The most widely used tool for high-throughput single-cell studies is 
fluorescence-based flow cytometry.6  Flow cytometry provides information on 
cellular size and expression levels of surface and intracellular molecules at a very 
high throughput (50 000 – 100 000 cells). Although flow cytometry is mainly used 
for end point measurements, it also possesses the unique feature of sorting cells 
according to their characteristics. The development of ‘CyTof’ and the 
‘Imagestream’ has greatly enhanced the power of flow cytometry.7-10 The CyTof 
apparatus integrates single-cell fluidics with mass spectrometry, which increases 
the number of detectable parameters to be measured on a single cell to over a 
hundred non-overlapping metal-isotope labeled antibodies.7 
At the same time, ‘traditional’ fluorescence microscopy can now be automated 
using high-throughput image analysis and used, for example, to obtain expression 
profiles for thousands of single cells.11 However, one of the major drawbacks of 
these techniques and approaches is that they preclude dynamic monitoring of 
(single) cellular responses over time and do not allow for the manipulation of 
single cells. Nanoliter-scale wells, developed by the Love group, are emerging as 
a promising tool to study single cell behavior that overcome a number of the 
reported drawbacks of more conventional techniques.12-14 These technologies 
have been extensively reviewed.15 In recent years, microfluidic tools that allow for 
the study of hundreds to a few thousands of individual cells under precisely 
defined conditions have also emerged.16-18 The microfluidic technology offered by 
Fluidigm is the current state-of-the-art platform for single-cell analysis. This 
elastomeric valves-based microfluidic technology enables highly parallel RNA and 
DNA analysis of samples containing only a few hundred cells.19 By integrating and 
simplifying multiple steps in the single-cell workflow, the technology allows for the 
rapid isolation, processing and profiling of individual cells for multiple genomics 
applications, such as performing parallel measurements of expression levels up to 
96 genes per single cell20 and preparing samples for single-cell RNA sequencing 
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(RNA-seq) experiments.21 The strong advantages of this system are sample and 
reagent efficiency, a precision impossible to achieve with liquid-dispensing 
methods and a broad spectrum of available assays. Although the throughput is 
relatively high in comparison with that offered by traditional methods of studying 
single cells, the main challenge will be in scaling up this platform. 
 
 
 
Figure 1.1 Schematic representation of manipulations that can be performed on single cells 
inside droplets. 
 
In this chapter we wish to focus on an alternative microfluidic tool for single-cell 
analysis that has emerged in recent years. Water-in-oil droplets have been used to 
compartmentalize individual cells and to study antibody production by single cells 
dating back to the 1950s,22 and recent advances in droplet microfluidics have 
greatly expanded their potential for single-cell studies.23-27 Indeed, these picoliter 
droplets can be considered ‘nanolabs’ that accommodate both single cells and all 
factors secreted by those cells.16,28,29 These technologies complement and 
augment the types of data generated by flow-cytometry-based systems. Single-cell 
analysis typically requires a complex workflow involving nucleic acid isolation, 
amplification and fluorescence-based detection. Fluidic tools must therefore be 
equipped to carry out multistep procedures. Droplet-based microfluidics is 
technically less advanced than valve one-phase microfluidics, but many of the 
individual steps have already been demonstrated. First, droplets can be collected 
from a microfluidic device and incubated off-chip.30 Incubation on-chip is also 
possible either in delay-lines,31 in trap32 or in chamber devices.33 The possibility of 
increasing the residence time for droplets in microfluidic devices is crucial for 
studying biological processes that occur on a timescale of minutes to hours, or 
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even days. Emulsions collected after off-chip incubation can be reinjected into 
another microfluidic device for further manipulation.34 Moreover, additional 
reagents can be added to a droplet at well-defined points in space and time by 
fusion35 or picoinjection36. Splitting of droplets, in turn, offers the opportunity to 
perform multiple assays on a single droplet and to dilute the content of droplets 
without increasing the reaction volume.37 Droplets can also be sorted passively 
because of the difference in their size38,39 or actively25 via fluorescence-activated 
droplet sorting, which allows for the separation of droplets of interest from the rest 
of the droplet stream. Moreover, a wide spectrum of on-chip detection methods is 
available for the droplet format, including fluorescence measurements,40 
ultraviolet–visible spectroscopy41 and electrochemical detection.42 These 
‘microtools’ provided by droplet microfluidics, alone or in conjunction with 
traditional single-cell technologies, are opening many new avenues of research 
into the function of single cells (Figure 1.1). In this chapter, we provide a 
comprehensive overview of recent developments in droplet-based microfluidics for 
single-cell studies.  
1.2 What can we do with droplets containing single 
cells and to single cells inside droplets? 
1.2.1 Single cell encapsulation 
The most straightforward method for encapsulating single cells is by simply 
forming emulsions of cell suspensions and an oil phase containing surfactants 
(Figure 1.2b).22,43,44 The undeniable advantage of simplicity offered by this method, 
however, is outweighed by the polydispersity of the resulting emulsion, which 
makes quantitative comparisons between individual cell-containing droplets rather 
complex.43 Therefore, in the majority of current studies on single cells in droplets, 
researchers opt to employ microfluidic droplet generators for single-cell 
encapsulation. Although the monodispersity of droplet emulsions can be tightly 
controlled by microfluidic devices, there are certain minor experimental obstacles 
that need to be addressed in this respect. Certain types of cells have a tendency 
to aggregate, leading to blockages and irregular compartmentalization of cells in 
droplets. Furthermore, regardless of cellular aggregation, the sedimentation of 
cells poses a problem because it can lead to the loss of single-cell encapsulation 
due to the formation of plugs of cells in microfluidic tubing. By matching of the 
density of the supporting fluid, sedimentation times can be increased and 
aggregation reduced.28 Several elegant microfluidic designs have been suggested 
to support the elimination of this type of problem, for example by employing 
polydimethylsiloxane (PDMS) discs with a biopsy-punched hole instead of needles 
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as a means to prevent cell loss in the needle45 or to incorporate mixing during 
injection by placing a miniature stir bar inside the syringe.46,47 
 
 
 
Figure 1.2 Methods of encapsulation of single cells in droplets. a) Stochastic encapsulation 
inside flow focusing device.48 b) Emulsification via macro-scale agitation (the mean droplet 
diameter is 43 μm.)44 c) Dielectrophoretic droplet sorting after encapsulation. When an 
electric field is applied across the electrodes, the droplets are deflected into the positive 
arm. In the absence of a field, the droplets flow into the negative arm owing to the lower 
hydraulic resistance (inset).25 d) Encapsulation based on cell-triggered Rayleigh-Plateau 
instability.39 e) Ordered  cell encapsulation.48 The length of the scale-bars in each figure is 
100 μm, except for (b) and (d) where it is specified otherwise. All figures have been 
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reproduced with permission. 
 
Although the encapsulation of cells in droplets is relatively easy and the 
encapsulation efficiency can be high, single-cell encapsulation has certain 
inherent challenges. Diluted cell suspensions and random cell encapsulation result 
in a Poisson distribution of encapsulated cells, and if the average number of cells 
per droplets is low enough, the fraction of droplets containing more than one cell is 
negligible. Unfortunately, at the same time, the fraction of empty droplets is 
significant, lowering the throughput of the method and making analysis more 
difficult (Figure 1.2a).48 Stochastic encapsulation becomes even more problematic 
in experiments in which two single objects need to be encapsulated in a single 
droplet.49 Therefore, attempts have been made to overcome the abovementioned 
difficulties. 
Active droplet sorting 
One possible way to increase the ratio of cell-containing to empty droplets without 
increasing the fraction containing multiple cells is to actively sort droplets after 
encapsulation (Figure 1.2c).25 Droplet sorting is possible by charging droplets and 
sorting them in an electric field,50 by dielectrophoresis,51 or by localized heating by 
a laser.52 Active sorting of droplets containing cells, however, has to date only 
been demonstrated by means of dielectrophoresis. The presence of cells inside 
droplets can be detected in several ways. One possibility is to use fluorescently 
labeled cells for encapsulation and subsequently perform fluorescence-activated 
droplet sorting.25,28 Additionally, discrimination between empty and cell-containing 
droplets can also be achieved by electrical impedance measurements53,54 or by 
sorting  cells in microfluidic channels based on the Clausius-Mossotti effect, which 
has been demonstrated for both continuous-phase55 and droplet microfluidics56. 
Although the active sorting of cells requires a relatively complex setup, the number 
of recently published studies in this field indicates the feasibility of this approach 
for single-cell droplet experiments.. 
Passive methods of increasing single-cell encapsulation efficiency 
Another possible way to increase the efficiency of single-cell encapsulation by 
means of droplet microfluidics is by employing hydrodynamic methods enabling 
the control over the number of cells encapsulated per droplet, or self-sorting of 
droplets containing cells from smaller, empty droplets. These methods utilize 
physical phenomena such as cell-triggered Rayleigh-Plateau instability (Figure 
1.2d)39 or self-organization occurring when a high-density suspension is forced to 
travel rapidly through a microchannel (Figure 1.2e)48 , and provide an efficiency of 
single-cell encapsulation of approximately 80 %. Size-based sorting can also be 
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achieved by exploiting cell-induced droplet shrinking, in which the osmotic water 
flow that occurs between droplets containing metabolically active yeast cells and 
empty droplets leads to shrinkage of cell-containing droplet reservoirs.38,57 
Nonetheless, the only method used to date in droplet-based functional studies on 
single cells is fluorescence-activated droplet sorting. 
In general, improvements in single-cell encapsulation and manipulation 
introduced by microfluidics have aided the development of new analytical 
techniques, such as assays for detecting antibodies secreted from single mouse 
hybridoma cells developed by Mazutis et al.28 However, more work still needs to 
be invested in the development of methods for increasing single-cell encapsulation 
efficiency to make more of these methods applicable for single-cell analysis 
protocols. 
1.2.2 Manipulation of single cells inside droplets 
Cell culture inside droplets 
Encapsulation of cells in small droplets might at first seem at odds with ensuring 
that cells remain healthy, but there is now ample evidence that demonstrates the 
biocompatibility of droplets for cellular studies compared to that of cells cultivated 
in bulk suspensions, provided that suitable media, non-ionic surfactants and gas-
permeable carrier fluids are used,58,59 or, when necessary, a solid support is 
provided inside the droplet in the form of a hydrogel matrix. Examples include 
multiple human cell lines (Figure 1.3a)58-60, yeast (Figure 1.3b),61 numerous kinds 
of bacteria (Figure 1.3c)32,44,62 and algae (Figure 1.3d)63. Several designs of 
microfluidic devices facilitating this type of culture have been published. Such 
designs include the on-chip microdroplet chemostat, which allows for the 
automated exchange of culture media during droplet cell culture without interfering 
with compartmentalization and monitoring of bacterial growth inside droplets64 and 
an integrated modular system for on-chip cell immobilization, culturing, 
transfection and transfer into droplets.65 However, of special interest is the 
possibility of culturing monoclonal microbial populations and single cells in 
isolation from other cells by droplet microfluidics.44,60,62,63 
Microdroplet generators are also used to produce cell-laden microgels from 
molten hydrogels or monomer solutions, after which emulsions are broken and 
beads resuspended in cell culture medium. So far, various types of hydrogels 
have been utilized for that purpose, e.g. alginate,66 agarose,67 synthetic peptides,68 
polyethyleneglycol,69 polyethyleneglycol and hyperbranched polyglycerol.70 The 
major advantage of cell culture in microgels, in comparison to cell culture in 
droplets, is the ease of exchanging the culture media by just transferring porous 
microgels into fresh medium, which allows for prolonged cell culture without 
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adverse effects caused by the accumulation of metabolites. Nevertheless, it also 
poses a disadvantage since soluble secreted molecules can cross-contaminate 
other cell-containing microgels, thereby influencing cellular responses. There is 
also the possibility to culture adherent cells inside microgels prepared from 
hydrogels containing adhesive substrates for cells71 or to study the influence of 
environmental properties, such as its elasticity, on cell fate by using hydrogels that 
possess different stiffnesses.67,72  
 
 
 
Figure 1.3 Cell culture inside droplets. a) Fluorescence microscopy image of drops (660 nl) 
hosting lacZ-expressing human cells (HEK293T) converting the fluorogenic substrate FDG 
after 16 hours of incubation.58 b) Droplets containing Saccharomyces cerevisiae after 
encapsulation.38 Scale bar = 100 μm. c) Image of Escherichia coli cells in 36 μm diameter 
agarose microparticles after 8 hours of culture.83 d) Chlamydomonas reinhardtii cells 
cultured in microdroplets.63 All figures have been reproduced with permission.  
 
For biological applications, the recovery of cells or particles from droplets after 
an experiment or assay is desirable. The most commonly described approach for 
retrieving cells from emulsions is by the addition of 1H,1H,2H,2H-perfluoro-1-
octanol (PFO) (Figure 1.4).28,72 Nonetheless, in their paper, the authors specify 
that particular caution needs to be exercised when performing this type of de-
emulsification and that prolonged exposure to PFO should be avoided.28 Another 
approach that circumvents the harsh chemical treatments and vigorous washing 
steps uses an electro- de-emulsification chip, which offers a mild way for 
extracting cells and polymer particles into an aqueous phase from droplet 
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microfluidic water-in-oil emulsions.73 Furthermore, it is also possible to retrieve 
cells from cell-laden agarose gel beads by agarase treatment.74 The recovery of 
cells from microgels or droplets allows for upstream analysis to be performed on 
exactly the same cell population that was used in microfluidic experiments. 
 
 
 
Figure 1.4 Survival rate of cells after incubation in droplets and release from the 
emulsion.72 a) Phase image of human mesenchymal stem cells  (hMSC) spheroids 
encapsulated in double emulsion droplets after 6 hours. b) Live/dead staining of spheroids 
after release from emulsion at 6 h using 1H,1H,2H,2H-perfluoro-1-octanol. Live cells were 
labeled with calcein AM (green), and dead cells were labeled with propidium iodide (red). 
Reproduced with permission from reference 72. 
Cell lysis inside droplets 
Cell lysis is often the first step that molecular biologists take to quantify protein or 
mRNA levels, intracellular enzymes activity, or the genetic material that cells 
contain. It allows for insight into the complexity of intracellular processes. The lysis 
of cells can be carried out using physical or chemical lysis methods.75 One method 
for conducting the physical lysis of cells encapsulated in microfluidic droplets is 
optical lysis,76 in which laser-induced plasma formation and the subsequent 
generation of a shock wave, followed by a cavitation bubble, results in cellular 
disruption (Figure 1.5).77 The main advantage of this approach is that the speed of 
the lysis allows for a ‘snapshot’ of the activity of a cell to be obtained at a particular 
time point.76 Another method suggested for studying the release of genomic DNA 
within droplets is a heating step preceding downstream analysis.32,49 
Commercial78,79 and home-made detergent-based or enzymatic lysis agents18,30  
have been applied to study the content released from single cells. For example, to 
release genomic DNA or mRNA, proteinase K digestion and SDS18 or Tween 2030 
lysis have been demonstrated to be useful for the droplet-microfluidics platform. 
However, not all available lysis methods can be applied in this manner. Physical 
lysis methods in particular appear to be challenging because it is relatively easy to 
perturb monodisperse water-in-oil emulsions. For example, the sonication of 
emulsions by using high sound energy may lead to the introduction of a 
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polydisperse population of droplets instead of the desired monodisperse 
population. The introduction of coalescence/splitting-induced polydispersity may 
influence the results of subsequent analysis by potentially cross-contaminating 
single-cell-containing droplets or might lead to the generation of two droplets 
containing the information of a single cell. In summary, the repertoire of cell lysis 
methods available for the droplet-microfluidics platform is broad, with many of 
these methods already having been successfully applied, but there is still plenty of 
room for the improvement and development of new methodologies. 
 
 
 
Figure 1.5 Fast photolysis of a single cell in an aqueous droplet. a-d) Video sequence 
acquired by a fast camera. b,c) Cell lysis was caused by laser-induced plasma formation 
and cavitation bubbles. The scale bar in (a) applies to all panels. Reproduced with 
permission from reference 76. 
 
Transfection of single cells 
The possibility of transfecting eukaryotic cells (i.e., delivering nucleic acids such as 
plasmid DNA or RNA into living cells) is important for molecular biology studies 
because it allows for the introduction of genes of interest in target cells and for 
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genetically modified organisms to be obtained to study specific gene functions. 
Similarly to cell lysis methods, methods that introduce foreign DNA into a 
eukaryotic cell fall into two categories: physical (such as electroporation or 
particle-based methods) and chemical methods.80 Transfection of cells inside 
microfluidic droplets has to date only been reported by two groups.81,82 Zhan et al. 
81 described for the first time the electroporation of cells encapsulated in droplets 
to transfect them with plasmid DNA coding for fluorescent proteins (Figure 1.6).81 
The efficiency of their process was unfortunately not very high, as it was estimated 
to be only 11 %. Improvement in the transfection efficiency to the values known to 
be possible via bulk transfection (~25 %) was achieved by applying chemical 
transfection reagents to the droplet format.82 The uptake of DNA by cells was 
possibly because of the formation of complexes of DNA with its carrier, in this case 
a cation-activated dendrimer. During incubation those complexes underwent 
nonspecific endocytosis. Interestingly, the authors observed a higher transfection 
efficiency in small droplets than in large droplets, which may be explained by the 
beneficial effects of confinement, which increase the probability of interaction 
between cells and the DNA/carrier complexes. The mechanism of this 
phenomenon, however, remains to be elucidated. These promising findings urge 
for the development and application of other transfection protocols known from 
bulk experiments in droplet-based microfluidics. 
 
 
 
Figure 1.6 A microfluidic device for encapsulation of cells in aqueous droplets and their 
subsequent electroporation. a) The electroporation occurs when the cell containing droplets 
in oil flow through a pair of microelectrodes with a constant voltage established in between. 
b) The droplets with encapsulated cells after electroporation at the exit of the device. 
Reproduced with permission from reference 81. 
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1.3 Functional studies on single cells 
1.3.1 Drug studies on single cells in droplets 
The first examples of single cell analysis in droplets came from pharmacological 
experiments. In those studies, researchers took advantage of the reduction in cost 
due to miniaturization, automation and a confinement-related increase in 
concentration of compounds. For example, in the study by Boedicker et al.,62 a 
plug-based microfluidic technology was applied for the rapid determination of 
antibiograms from samples featuring complex biological matrices. Antibiograms 
are charts of the sensitivity of a bacterial strain to different antibiotics. In their 
experiments, the authors co-encapsulated cells together with a viability indicator. A 
significant reduction in the incubation time was achieved by effectively increasing 
both the cell concentration and the products of viability-testing reactions because 
of the confinement of single cells into small-volume compartments. In general, the 
detection time in this system is proportional to the plug volume. Another similar 
agarose microparticle-based platform for antibiotic studies was suggested for 
determining the minimum inhibitory antibiotic concentration. This platform, which 
also allowed for the isolation and characterization of spontaneous mutants 
resistant to antibiotics, required less than 1 mg of compound and less than 3 h of 
incubation, thereby providing an interesting alternative to bulk bacteria cultures.83 
Drug studies have also been conducted on single mammalian cells confined in 
droplets. The work-flow presented by Brouzes et al. (Figure 1.7)60 allowed for cell 
cytotoxicity screenings at a very high throughput. To support the real-time 
identification of droplet composition and post-processing data analysis, the 
authors introduced a fluorescent coding scheme. A similar coding strategy was 
used in a more complex analysis in which a reporter gene assay was used to test 
the dose–response profiles of single Bombyx mori cells to an insecticide.45 Coding 
methods serve as a promising tool for droplet microfluidics, since they offer a 
solution to the absence of spatial positioning, which is typical for microtiter plate 
experiments. Experiments reported by Baret et al.45, Brouzes et al.60 or Joensson 
et al.84 provide evidence of the potential of fluorophore mixtures as barcodes for 
oil-in-water emulsions. Other currently available and possible barcoding systems 
for the droplet format still await benchmarking before they can be applied. DNA 
can be considered a promising candidate for a barcode system for single-cell 
experiments in droplets because its utility in single-cell studies has recently been 
proven by experiments involving the barcoding and sequencing of transcriptome 
from single cells.85 Although DNA is technically more challenging as a barcode 
than fluorophores, because it does not allow for the collection of online data, it is 
certainly worth further exploration since it can overcome library-size-related 
limitations.86 
515766-L-bw-rakszewska
Processed on: 18-12-2017 PDF page: 25
                                                                                                         
Introduction 
13 
 
 
Figure 1.7 Schematic depiction of droplet screening workflow involving four steps. a) The 
droplet library is formed by emulsifying drug library using the library generation chip. Each 
droplet is uniquely coded with an optical label. b) Each droplet library member is merged 
with a cell-containing droplet. c) The emulsion is incubated for cell treatment. d) The 
emulsion is reinjected into the assay chip, where fluorescence of each droplet is measured 
for drug coding readouts and viability assay. Reproduced with permission from reference 
60. 
 
1.3.2 Single-cell genomics 
Protein as well as mRNA levels show a large cell-to-cell variation both in a resting 
state and after exposure to stimuli, even in cells bearing the same genotype.3,87 
Moreover, in many fields, minor subpopulations of cells are often the subject of 
interest to the scientific community. This statement applies particularly to stem cell 
science and tumor immunology, in which cells of interest often comprise only a 
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small fraction of cells in a sample. One example of such cells are circulating tumor 
cells (CTCs) that are found in frequencies as low as 1–10 cells per ml of whole 
blood (which roughly contains five billion cells) in patients with metastatic 
disease.88,89 Therefore, not surprisingly, a significant amount of research involving 
the encapsulation of single cells in microdroplets is focused on studying the cells’ 
genome or transcriptome; an overview of studies performed in this area in recent 
years is provided in Table 1.1. 
One of the first examples of single-cell genetic analysis in microfluidic droplets 
was reported by Kumaresan et al.,49 who presented a novel platform that 
combines the power of two techniques: droplet-based microfluidics and flow 
cytometry. In those experiments, single cells were encapsulated together with 
primer-functionalized microbeads and a PCR mix. As a result of the PCR reaction, 
dye-labeled product attached to the bead surface was produced. Subsequently, 
the emulsion was broken, and the product-bearing beads were released and were 
either analyzed by flow cytometry or served as a template for sequencing. Further 
development of this platform two years later enabled a higher throughput and a 
higher number of genes that could be analyzed per cell.90 Another improvement 
made for single-cell multiplex gene detection and sequencing was the use of 
agarose droplets as reactors for single-cell DNA amplification to address the 
challenge of inefficient and irreproducible DNA extraction.18 The encapsulation in 
agarose gel beads provided, after breaking the emulsion, the opportunity to isolate 
and manipulate isolated genomic DNA without mixing the genetic content of 
different cells. Owing to the pore size of agarose gels, large genomic DNA is 
prevented from diffusing out from the beads, whereas the diffusion of lysis buffer 
and small- and medium-sized proteins into the gel beads is still allowed. 
 
 
 
Figure 1.8 Microfluidic workflow for ultrahigh-throughput mammalian single-cell RT-PCR. 
a,b) A mixed population of human cells is first encapsulated on droplet generator together 
with lysis  buffer, then incubated off-chip. Subsequently droplets are reinjected and diluted 
on-chip by merging with water droplets to avoid lysate-driven RT-PCR inhibition.  After 
dilution, a portion of the lysate is split off and subsequently picoinjected with  RT-PCR 
reagents. c) Picoinjected drops are collected in a tube and thermocycled. d) After reaction, 
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the fluorescence of drops is analyzed for transcript amplification. Reproduced with 
permission from reference 30. 
 
As mentioned previously, droplet-based microfluidics has also been applied to 
gene expression analysis.91,92 A serious weakness of the majority of protocols for 
single-cell transcriptome analysis in droplets is the lack of the high throughput 
expected from emulsion-based approaches. This limitation is caused by the 
relatively large size of droplets used in assays, which is necessary to avoid lysate-
driven inhibition of RT-PCR (reverse transcription polymerase chain reaction) and 
to encapsulate together exactly one cell and primer-bearing bead. The latter 
demands the use of solutions at limiting dilutions and results in emulsions in which 
only a very small fraction is occupied by the desired combination of exactly one 
cell and one bead. Recently, however, a new platform was published that 
overcomes the above-described problems by the introduction of a workflow, in 
which droplets containing single cell lysates were diluted before adding RT-PCR 
reagents, thus preventing lysate-driven RT inhibition (Figure 1.8).30 Another 
important advantage of this method is that sample compartmentalization is 
retained throughout the entire experiment, allowing for the elimination of false-
positive results caused by cell lysis prior to encapsulation. 
The recent developments in droplet microfluidics for single-cell studies have set 
the stage for employing emulsion-based techniques in common analytical 
laboratories. As reported by Geng et al.,93 a single-cell forensic short tandem 
repeat analysis was performed in droplets with improved throughput (compared 
with that of conventional forensic techniques for genetic single-cell analysis) and 
simpler sample handling. The next step will certainly be to apply droplet-based 
microfluidic technology for single-cell genetic analysis to more complex, ‘real-
world’ samples. 
 
Table 1.1 Single-cell genetic analysis in microfluidic droplets 
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1.3.3 Single-cell immunology 
Droplet-based microfluidics has also opened new opportunities for areas of 
research such as immunology, providing platforms that allow for high throughput 
and fast screening of individual cells. Examples of such studies include 
experiments that have investigated individual hybridoma clones for the release of 
antibodies inhibiting a drug target based on fluorescence16,28 or studying low-
abundance cell-surface biomarkers on individual human cells.84 Svahn and 
coworkers used enzymatic amplifications with the fluorescent product remaining 
confined inside each droplet and increasing in concentration over time in 
combination with color codes, allowing for concurrent analysis of multiple 
samples.84 This method provided a higher signal resolution above background 
levels than could be reached by standard flow cytometry. 
Until recently, one of the major drawbacks of using droplet-based microfluidics 
for single-cell immunology studies was the lack of the ability to wash droplets or 
allow metabolites to diffuse in and out of droplets without risking cross-
contamination between cell-containing droplets. Although some studies 
disregarded this phenomenon and investigated the secretion of molecules by cells 
by the direct co-encapsulation of detection antibodies, information on the 
sensitivity of this technique compared with that of conventional methods is 
currently lacking.94 A solution to this problem was provided in a recent study by 
Chokkalingam et al.59 in which the authors (re-)introduced the use of low-melting-
point agarose during droplet production. By exploiting the thermal properties of 
low-melting-point agarose, single immune cells could be encapsulated and 
incubated for up to 36 h, provided that the cells were kept above room 
temperature. This technique allowed for cells to become stimulated and for 
secreted molecules to be captured in the same confined environment. Upon 
cooling the droplets, the agarose solidified, which subsequently facilitated the 
detection of the parameters of choice by the diffusion of fluorescently labeled 
detection antibodies. Another aspect that should not be disregarded when working 
with primary immune cells is the secretion of lipid metabolites by cells or the use of 
hydrophobic stimuli for cell activation. In standard water-in-oil emulsions, these 
substances will almost instantly diffuse into the oil layer surrounding the formed 
droplets. A solution to this problem was recently suggested by Zinchenko et al.,95 
namely, the generation of double emulsion droplets. Such droplets are generated 
by using two devices in series, the first of which has hydrophobic properties and 
the second hydrophilic.95 This approach is technologically more demanding than 
using simple oil-in-water emulsion droplets; however, it will ensure that all 
components and metabolites remain confined. 
Although still in its infancy, the implementation of the above-described 
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approaches in combination with the various techniques available for droplet 
manipulation hold great potential for exploring and revealing currently unknown 
heterogeneities present in what have traditionally been considered to be 
homogeneous immune cell populations. 
1.3.4 Evolution of microorganisms in droplets 
Directed evolution experiments are of great importance not only in basic research, 
where they provide information about the function and structure of proteins, but 
also in biotechnology because they help in obtaining increasingly efficient 
enzymes and microorganisms. To study evolution in the laboratory, mutations are 
first artificially introduced into a population. Such a population is subsequently 
exposed to a controlled evolutionary pressure to select variants with improved 
characteristics. Droplets of water in oil provide the perfect platform for evolutional 
studies because they enable the coupling of a phenotype with a genotype, which 
is necessary because evolutionary information is contained in the genome and the 
selection is performed with regard to phenotype. The compartmentalization of cells 
in droplets is especially beneficial for single-cell enzyme catalysis studies, which 
were previously limited to studying cases in which the diffusion of the product from 
the cell is restricted.26 Droplets of water in oil not only allow for the accumulation of 
products of single-cell enzymatic reactions in the same compartment as the 
genome, but also provide an opportunity for the amplified detection of single 
enzymatic events from single cells.96 In a recently reported assay, rolling circle 
amplification serves as an amplification method and empowers the detection of 
single DNA cleavage-ligation events.96 Moreover, droplet microfluidics allows for 
fast screening of large libraries (108 in 10 h),97 and studies focusing on the binding 
affinity of proteins have shown that the size of the library screened is correlated 
with the improvement achieved in the affinity of the selected proteins.98 Similarly, 
these types of correlations are also expected in studies on enzymes.97 
Researchers began to use water-in-oil emulsions in directed evolution 
experiments already almost 20 years ago.99 Cells, however, were introduced for 
the first time only in 2005 by Aharoni et al.43 in order to increase the concentration 
of enzymes in droplets. More protein was produced via cell-based expression in 
droplets than via in vitro expression used in prior experiments. Additionally, the 
introduction of cells into droplets enabled studies involving whole genome 
mutagenesis,100 which is an interesting approach because the metabolism of the 
cell is highly complex and not yet fully understood. Increased yields of enzyme 
production can be achieved not only by improving the enzyme itself but also by 
improving the cellular functions of the whole microbial organism, leading to more 
efficient hosts for enzyme production.100 
Although the method introduced by Aharoni et al.43 proved to be successful in 
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the selection of improved variants of an enzyme, it has not been widely used 
because of the heterogeneity introduced by double water-in-oil-in-water emulsions 
prepared by two steps of homogenization. Indeed, differences in the sizes of 
droplets strongly affect the concentration of the enzymes, substrates and products 
inside droplets, thereby reducing the accuracy of the obtained results. 
Only employing emulsification by means of microfluidics and fluorescence 
activated droplet sorting as the method for screening droplets led to the full 
demonstration of the benefits of emulsion experiments in droplets in two studies 
performed by Agresti et al.97 and Kintses et al.78. The screening of populations of 
107 cells in only several hours allowed for the selection of mutants demonstrating 
a 10-fold increase in their catalytic rate97 and 6-fold increase in the activity and 
expression of the enzyme of interest78. One outstanding example of research that 
would be very difficult to perform without employing encapsulation of cells in 
water-in-oil emulsion is a study performed by Bachmann et al.,44 in which the 
authors exploited compartmentalization in droplets to eliminate competition 
between individual bacteria. The serial transfer of a bacteria population into 
droplets of water in oil made it possible to isolate high-yield mutants that otherwise 
were outperformed by fast-growing variants. These results support the hypothesis 
that the availability of public goods has an impact on evolutionary outcomes and 
confirm the utility of water-in-oil emulsions as a platform for evolutionary studies 
that may promote new discoveries in biology.  
1.4 Most important advancements in single cells 
studies in droplets in last years (2015-2017) 
Since publication of the review entitled “One drop at a time: toward droplet 
microfluidics as a versatile tool for single-cell analysis” in 2014 there were several 
significant advancements in the development of droplet microfluidic technology for 
single cell studies. Below I summarize the most important of them. 
1.4.1 Technological advancements 
Single-cell encapsulation 
Two interesting approaches towards increasing single-cell encapsulation efficiency 
were reported recently. Mao et al. reported a method which allows to decrease the 
fraction of empty hydrogels produced during single-cell encapsulation in alginate 
beads.101 In order to achieve single-cell encapsulation efficiency of ~60 %, the 
authors first exposed cells to a suspension of calcium carbonate nanoparticles, 
which allowed for their passive adsorption to the cell surface. Next they combined 
the cells with soluble alginate polymer and emulsified the mixture. Acetic acid in 
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the oil phase mediated calcium release from nanoparticles and hydrogel 
formation. As a result thin layer of hydrogel (~6 μm) formed almost exclusively 
around the cells. 
As mentioned in Paragraph 1.2.1, stochastic encapsulation poses the biggest 
challenge for researchers interested in encapsulating two different cells in a single 
droplet. Efficiency of a random 1:1 encapsulation of two different objects into 1 
droplet can be as low as 1 %.102 To overcome this limitation Hu et al. developed 
an approach involving dual-color sorting of droplets containing members of two 
cell types stained with different fluorescent dyes.103 The approach demonstrated 
an efficiency of 1:1 encapsulation of up to 87 %. The ability to efficiently co-
compartmentalize two different cell types is particularly important in immunology 
research and it has the potential to boost studies such host-pathogen interactions 
or research on immune system maturation. 
Cell culture inside droplets 
A systematic study of the influence of droplet size on mammalian cell proliferation 
and viability during cultivation has been performed, showing a direct correlation of 
microfluidic droplet size to the division and viability of mammalian cells.104 The 
finding stresses the importance of regarding the droplet size while designing 
droplet-based single cell assays. For experiments requiring extended cultivation 
periods, the use of larger droplets is necessary, as they provide sufficient amounts 
of nutrients required for cells to grow and divide. However, smaller droplets are 
more suitable for cell screening applications. The products secreted by the cells 
into small droplets quicker reach detectable concentrations  increasing efficiency 
of the screening. 
Cell lysis inside droplets 
A new physical cell lysis method compatible with droplet-microfluidics was 
reported by de Lange et al.105 As evidenced by the described work, single-cell lysis 
can be achieved by exposure of bacterial cells to electric field immediately before 
encapsulation. The method provides an interesting alternative to commonly used 
methods of cell lysis in droplets, as it allows elimination of chemical lysis agents. 
Chemical lysis agents may interfere with certain types of assays (protease K for 
example is not compatible with enzymatic assays) or compromise stability of 
emulsion (surfactants). The authors did not, however, measure single-cell purity of 
produced droplets. Cross-contamination between droplets may occur, especially 
when eukaryotic cells are used, by lysis taking place before encapsulation of the 
cell material, precluding the use of the method in single-cell experiments. 
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1.4.2 Functional studies on single cells 
Single-cell transcriptomics 
The biggest leap forward in the last three years occurred in the most relevant field 
for this thesis, the area of single-cell genomics and transcriptomics in droplets. In 
2015 two methods for single-cell RNA sequencing were published in parallel in 
Cell: inDrop (indexing droplets) RNA sequencing 106,107 and Drop-seq102. These 
two methods exploit the potential of DNA as barcode for oil-in-water emulsions we 
mentioned in paragraph 1.3.1. The general scheme of both techniques is very 
alike. It starts with co-encapsulation of single cells and barcoded beads in droplets 
followed by cell lysis and mRNA hybridization to the beads bearing primers. 
Subsequently the mRNA is reverse transcribed into cDNA containing cell-specific 
barcode sequence. Owing to barcode-based computational deconvolution, both 
methods allow pooling of material from all droplets and bulk library preparation. 
This allows for high-throughput single-cell transcriptomes analysis. The detailed 
scheme of Drop-seq platform is presented in Figure 1.9. The inDrop RNA 
sequencing platform is described in more details in Chapter 4. 
 
 
Figure 1.9 Microfluidic workflow of single-cell mRNA-seq library preparation with Drop-seq. 
Two aqueous flows are injected into microfluidic device. One flow contains cells, and the 
other flow contains barcoded beads suspended in a lysis buffer. Immediately following 
droplet formation, the cells are lysed and release their mRNAs, which then hybridize to the 
primers on the bead surface. The emulsion is subsequently broken and the beads collected 
and washed. The mRNAs are then reverse-transcribed in bulk, forming STAMPs, and 
template switching is used to introduce a PCR handle downstream of the synthesized 
cDNA. Reproduced with permission from reference 102. 
 
There are, however, two substantial differences between the two techniques. 
Firstly, in the Drop-seq protocol emulsion is broken directly after hybridization of 
mRNA to the primer-bearing beads (Figure 1.9). It means that in case of Drop-seq, 
not only amplification and library generation are bulk reactions, but RT as well. 
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The authors called the single-cell transcriptomes attached to microparticles 
STAMPs. Generation of STAMPs enables user control over the number of cells 
sequenced even after de-emulsification and allows storage of single-cell 
transcriptomes for further analysis. This is not possible in case of inDrop RNA 
sequencing, as the barcoding primers are cleaved off beads in droplets and 
STAMPs are not generated. inDrop RNA sequencing however is the more efficient 
method owing to the use of hydrogel beads that can be loaded into microfluidic 
device with almost 100 % efficiency. As a result, most of the encapsulated cells 
are barcoded, as opposed to only ~10 % in case of Drop-Seq. 
The development of third droplet-based platform for high-throughput single-cell 
labelling (Hi-SCL) for single-cell RNA sequencing was reported the same year.108 
To index individual cells in a population, instead of barcoded hydrogel beads, 
Rotem et al. used libraries of droplets containing single stranded DNA 
oligonucleotide sequences that act as barcodes. The platform has been based on 
a much more complicated microfluidic setup than Drop-seq and inDrop RNA 
sequencing. The protocol requires the use of a complex microfluidic chip 
containing 96 parallel drop-makers as well as a droplet fusion step. The method is 
characterised by high technical noise and lower throughput than Drop-seq and 
inDrop RNA sequencing due to low complexity of droplet libraries used for cell 
indexing. In the light of these limitations, Hi-SCL has a lower utility for single-cell 
RNA sequencing than Drop-seq and inDrop RNA sequencing. 
Droplet barcoding for single-cell transcriptome analysis can be used to identify 
novel cell subtypes and their markers as demonstrated by Macosko et al.102 and to 
discover regulatory links between genes as shown by Klein et al.106 It was also 
demonstrated that methanol fixed cells can be used to generate reliable results on 
Drop-seq platform which may facilitate large-scale single-cell RNA sequencing 
experiments by simplifying their logistic coordination.109 Moreover, two companies 
(1-Cell and 10x Genomics) are commercializing solutions based on inDrop RNA 
sequencing. This, in my opinion, will significantly increase the number of scientists 
utilizing droplet barcoding for single-cell transcriptome analysis as already 
evidenced by first publications describing applications of commercial 
solutions.110,111 
Single-cell genomics 
Tens of millions of reads are necessary to examine the whole human genome (3 
billion base pairs). Only tens of cells per run can saturate sequencing capacity of 
current sequencing platforms. The enormous size of human genome is, 
presumably, the reason why droplet microfluidics is not broadly used in single-cell 
human genomics.112 Droplet microfluidics can, nonetheless, be extremely useful in 
another field, where analysed genomes are smaller and deep coverage is less 
crucial – metagenomics, as demonstrated by Lan et al.113 The authors developed 
a high-throughput single-cell genomic sequencing (SiC-seq) method by employing 
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described earlier strategy of sterically trapping single-cell genomes in agarose gel 
beads.18 By combining the use of hydrogel beads and a microfluidic workflow 
including a droplet fusion step, the microbial cells are lysed, the genomes 
fragmented and unique barcodes attached to all fragments. The barcoded 
fragments are subsequently pooled and sequenced. SiC-seq generates a 
metagenomic database grouped by single-cell genomes. The authors 
demonstrated its use in measuring the distributions of antibiotic-resistance genes, 
virulence factors, and transduction potential in microbial communities. SiC-seq 
enables sequencing of genomes of all cells in a sample without the need to culture 
them. This is of high importance, as the microorganisms that can be grown in the 
laboratory are only a small fraction of the total diversity that exists in nature.114 
Single-cell proteomics 
Another field benefiting from application of DNA barcodes in combination with 
droplet microfluidics is single-cell proteomics. The multiplexing potential of more 
traditional methods of profiling proteins in single cells, flow cytometry with 
fluorescently-labeled antibodies and mass spectrometry with antibodies bearing 
mass tags, is limited to tens and hundreds of proteins, respectively. Shahi et al. 
developed Abseq, an ultrahigh-throughput method to profile surface proteins on 
single cells using antibodies labelled with oligonucleotide tags that can be red out 
with microfluidic barcoding and DNA sequencing.115 The only limits to the 
multiplexing capacity of Abseq is the availability of antibodies that can detect the 
epitopes of interest and sequencing capacity of next generation sequencing 
methods. The droplet microfluidic setup used by the authors is very similar to the 
one employed to barcode genomes of single cells.113 
Single-cell epigenomics 
Single-cell analysis is particularly challenging in the field of epigenomics. One of 
the main obstacles in single-cell epigenomics is high noise observed in low-input 
ChIP (chromatin immunoprecipitation) experiments. Nevertheless a big step 
towards enabling single-cell ChIP-seq was made recently by Rotem et al.116 By 
combining Hi-SCL droplet-microfluidic setup,108 DNA barcoding and sequencing, 
the authors developed Drop-ChIP, a method yielding low-coverage maps of 
chromatin state in single cells. Despite the fact that generated single-cell data are 
sparse and analysis of individual cells is difficult, the method allows finding 
patterns of cell-to-cell variation across population, provided coherent chromatin 
state exists in a sufficient number of sampled cells. 
I summarized the most important characteristics of state of the art droplet-
based methods for single-cell transcriptome, genome and proteome analysis in 
Table 1.2. 
 
Table 1.2 Platforms for single-cell “omic” analysis 
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Single-cell immunology 
Last but not least, development in droplet-microfluidic also continues to deliver 
new methods for immunology. As we mentioned in Paragraph 1.3.2, detection of 
circulating tumour cells in patients’ blood is very important in diagnosis of 
metastatic forms of cancer. An innovate label-free method for detection of CTCs in 
a background of white blood cells was reported recently.117 The authors based the 
detection of the tumour cells on measurement of the acid they secrete. This 
technology certainly has the potential for in vitro diagnostics upon further 
development. 
1.5 Droplet microfluidics for single cell analysis – 
the current state of the art 
In this chapter, we summarized the available literature and discussed the strong 
potential for the use of droplet-based microfluidics systems in single-cell studies. 
The development of microfluidics, specifically droplet microfluidics, has led to 
many interesting discoveries, and the number of published studies exploiting 
droplet microfluidics is steadily increasing every year.23-28,30 Of all available 
technologies, droplet-based microfluidics is one of the most powerful approaches 
to studying the functional behavior of single cells. 
Although single cells can easily be studied using flow cytometry, it is typically 
not possible to associate secreted molecules with a particular cell. On the other 
hand, the dimensions of the microwells traditionally used for single-cell culture 
(384-well plates) are too large, causing all secreted metabolites to be highly 
diluted and making it impractical to detect these metabolites by conventional 
techniques. Droplet-based microfluidics enables the encapsulation and activation 
of single cells in high-throughput manner and also ensures that soluble 
metabolites secreted by activated cells are confined in a relatively small volume, 
which allows for a large reduction in noise and thereby increases the sensitivity of 
the technique. 
Another aspect where droplet microfluidics outshines other microfluidic 
platforms (e.g. microfluidic devices with pressure-controlled valves) is its scale and 
speed. Up to thousands of cells can be compartmentalized in droplets within 
seconds.112 The unique scale-up potential of droplet microfluidics allows for 
carrying directed evolution experiments, as well as constructing cellular atlases 
with single-cell RNA sequencing of thousands of cells. Moreover, and not 
unimportant, droplet microfluidics leads to a reduction in the time and labor 
requirements and thus the costs involved in experiments.118 In case of directed 
evolution it means decreasing their timescale from years to hours.97 
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One of the major obstacles that have hampered rapid progression in the field of 
droplet microfluidics has been, for many years, the inability to perform washing 
steps inside droplets, which is crucial for the controlled amplification of DNA and 
for many other biological protocols. Several solutions to this problem were 
suggested, including the use of hydrogel beads.59,72 The introduction of hydrogels 
and washing thereof has boosted the possibilities for using droplet microfluidics 
and they are increasingly incorporated into droplet-microfluidic protocols.59,102,106 
Currently, the manipulation of (cell-containing) droplets still often requires a 
relatively complex setup and involves the sequential use of numerous different 
modules. This makes it challenging to use in laboratories not specialized in 
microfluidics. However the efforts undertaken by several groups aimed at 
publishing very detailed protocols of droplet-based methods (e.g. McCarroll Lab) 
and commercialization of certain solutions will greatly increase the number droplet 
microfluidics users in  years to come. 
1.6 Aim of the research and outline of this thesis 
The potential of droplet microfluidics in single-cell analysis has already clearly 
been proven, as evidenced by the above summarized research. The goal of the 
work described in this thesis was to extend the droplet-microfluidic toolbox and 
enable single-cell measurements that have not been possible before. We focused 
on single-cell mRNA quantification. Analyzing mRNA gives insight into which 
genes are differentially expressed in distinct, genetically identical, cell populations, 
or in response to different treatments. Studying cell-to-cell heterogeneity on mRNA 
level has the potential to reveal rare cell populations or gene expression dynamics 
that are masked in bulk.102,106,119,120 We would like to facilitate scientific discovery 
by providing improved methods for single-cell transcriptomics. 
In Chapter 2 and 3 the development of a new high-throughput method for 
quantifying mRNA without amplification bias is described. Our goal was to achieve 
a low-tech, low-cost, general, and high-throughput procedure for counting mRNA 
molecules in single cells. We used DNA-conjugated beads as RNA capturing 
matrix for single-cell RNA quantification by series of enzymatic reactions. The 
development of DNA-functionalized hydrogel beads is described in Chapter 2. In 
Chapter 3 I describe the development of a method based on padlock probes and 
rolling circle amplification that allows assessing the number of transcripts in 
individual cells by simply counting fluorescent dots inside gel beads. 
The research described in Chapters 4 and 5 was aimed at developing a high-
throughput method combining RNA-sequencing with high-throughput analysis of 
extracellular as well as intracellular proteins from single cells. In Chapter 4, I 
describe the details of setting up an inDrop RNA sequencing platform in our 
laboratory. Research described in Chapter 5 explores utility of cells fixed with 
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mixture of DSP (dithiobis(succinimidyl propionate)) and SPDP (succinimidyl 3-(2-
pyridyldithio)propionate) for expression profiling in droplets. Our aim was also to 
investigate whether fixation of cells with DSP and SPDP prior RNA sequencing 
prevents potential bias caused by extended cell handling (Chapter 5). 
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2.1 Introduction 
As mentioned in Chapter 1, one of the inherent obstacles in the development of 
droplet microfluidics-based protocols is the inability to perform washing steps 
inside droplets. Washing is unavoidable in many biological protocols. The ability to 
exchange reagents in the workflow opens ample new directions in the 
development of droplet-based analytical methods, such as the introduction of 
multistep enzymatic reactions. One of the most frequently suggested solutions to 
the problem is the use of hydrogel beads.1-5 A crucial step in the design of droplet-
microfluidic protocols around hydrogel beads is, therefore, the immobilization of 
analytes of interest within beads. 
A wide variety of hydrogels has been described as suitable for gel bead 
production by means of droplet microfluidics. One can choose from polymers with 
different gelation mechanisms: thermal gelation (e.g. agarose2-4,6), ionic 
crosslinking (e.g. alginate7-9), photo-initiated crosslinking (e.g. poly(vinyl alcohol)10) 
and chemical crosslinking (e.g. thiolated carboxymethyl hyaluronic acid (CMHA-
SH)11 or polyacrylamide5). Depending on the application, the choice of polymer 
may be different. There are three major parameters important for choosing the 
right hydrogel for a particular research goal: mechanical properties, 
biocompatibility, and porosity.  
The stiffness of hydrogel beads is particularly important for the encapsulation 
and culture of adherent cells such as mesenchymal stem cells (MSCs). A carefully 
chosen gel matrix can mimic the elasticity of solid tissues, the natural environment 
surrounding MSCs.11 The stiffness can be manipulated through the degree of 
cross-linking, or by the concentration of the polymer. It is also crucial that gel 
beads are sufficiently robust to survive all the downstream processing steps, such 
as medium change. 
Biocompatibility is another critical parameter to take into account while 
choosing polymers for cell culture within hydrogel beads. Many of the above 
mentioned gelation methods employ factors that are lethal for cells (for example 
UV or harsh chemicals). Therefore it is important to choose a hydrogel which can 
be gelled into beads using mild gelation methods which will not evoke stress 
responses in the encapsulated cells. 
The porosity of hydrogel beads is crucial for running in-bead reactions. The 
pore size needs to be sufficiently large to allow diffusion of enzymes. Whereas it is 
desirable for enzymes to be able to diffuse in and out of the beads freely, exactly 
the opposite is required in case of the analytes of interest and/or the encapsulated 
cells. Physical entrapment is not only used for immobilizing the cells inside gel 
beads, it is also one of the reported strategies for immobilization of molecules of 
interest within gel beads (Figure 2.1a). Novak et al. for example described 
analysis of genomic DNA derived from single cells lysed within agarose gel 
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beads.2 The immobilization of single cell genomes within gel beads was ensured 
by choosing type and concentration of polymer yielding beads with pore size small 
enough (around 130 nm in this case) to minimalize diffusion of DNA of interest. 
 
 
 
Figure 2.1 Strategies for immobilization of molecules of interest within gel beads: a) 
Physical entrapment within hydrogel mesh; b) co-encapsulation with capture beads; c) 
covalent coupling of capture molecules to hydrogel. 
 
Another approach to immobilize molecules of interest within gel bead is co-
encapsulation with capture beads (Figure 2.1b). This method allows employing 
physical entrapment even while studying small analytes. This strategy was 
successfully employed by Chokkalingam et al. to analyse cytokines secreted by 
single T-cells. The authors captured the cytokines of interest by co-encapsulation 
of cells in droplets with capture beads functionalized with specific  antibodies.1 The 
downside of this approach is the difficulty to control the number of capture beads 
encapsulated per droplet. It is especially problematic in situations where one 
capture bead per droplet is required for single-cell analysis.12 The encapsulation of 
small objects into droplets occurs randomly and the number of beads per droplet 
is determined by Poisson statistics.13 In order to ensure single-bead 
encapsulation, diluted bead suspensions are used which leads to the production of 
droplet populations where the majority of droplets do not contain any beads. The 
fraction of bead-containing droplets in such populations, however, contains mainly 
single beads. Such emulsions require downstream sorting to produce exclusively 
single-bead-in-droplet emulsions or sorting-out results coming from “negative” 
droplets during data processing. 
It is also possible to incorporate the capturing moieties within the hydrogel 
mesh itself (Figure 2.1c). A study published by Leng et al. may serve as an 
example of an experimental design employing this concept. In this study, single 
molecule emulsion PCR (polymerase chain reaction) was performed within 
agarose droplets.14 The forward primer was conjugated to an agarose matrix using 
a Schiff-base reaction to ensure product immobilization within individual gel beads 
after gelation of droplets and breaking of the emulsion. However this particular 
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solution was criticized by the authors themselves in their further work as inefficient 
and time consuming.3 
There is a need for new designs of hydrogel beads with capture molecules 
covalently attached to the hydrogel mesh. This approach has several benefits over 
other strategies for immobilization of molecules of interest within beads, namely, 
capturing moieties are uniformly distributed over droplets population and 
molecules of interest are being captured independent of their size. Therefore we 
propose here a new type of hydrogel beads containing capturing moieties 
covalently linked to the polymer forming the bead. We used thiolated 
carboxymethyl hyaluronic acid, which can be chemically crosslinked at physiologic 
conditions into a stable hydrogel. We conjugated it with oligonucleotides to use it 
as RNA capturing matrix for single-cell RNA quantification by series of enzymatic 
reactions. This application of decorated thiolated carboxymethyl hyaluronic acid 
beads is described in Chapter 3.  
2.2 Results and discussion 
2.2.1 Agarose is not a suitable material for on-bead enzymatic 
reactions 
We started the development process of a mRNA capturing matrix for single-cell 
RNA quantification from beads made from a well-known and widely used material 
– agarose. We prepared the agarose gel beads by means of droplet microfluidics  
 
Figure 2.2 Optical microscopy images of beads made of ultra-low gelling temperature 
agarose (a) before and (b) after 3h incubation at temperatures commonly used for 
enzymatic reactions. Scale bar in (a) and (b) = 50 μm. 
 
and tested the possibility of performing on-bead enzymatic reactions. According to 
literature and supplier, the melting temperature of the ultra-low gelling temperature 
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agarose we used is approximately 50° C.14 After initial experiments, we concluded 
that agarose is not a suitable material for performing on-bead enzymatic reactions 
as beads disintegrate after incubation at 37-45° C, temperatures commonly used 
for enzymatic reactions (Figure 2.2).15,16 Simultaneously with our findings, a report 
had been published stressing significant reduction in agarose stiffness and a 
reduction in agarose concentration in the gel beads upon their incubation at 
physiological conditions.6 This confirmed our concerns that the mechanic 
properties of beads made of agarose do not meet the requirements for this project. 
2.2.2 Strategy for the functionalization of thiolated 
carboxymethyl hyaluronic acid with nucleic acids 
After abandoning the idea of using agarose gel beads, we decided to employ 
beads made of thiolated carboxymethyl hyaluronic acid (for structure see Figure 
2.3). We chose CMHA-SH because it can be chemically crosslinked into stable gel 
beads, which retain their integrity even during prolonged incubation at 
physiological conditions.11 To capture mRNA from lysed single cells, the thiolated 
carboxymethyl hyaluronic acid needs to be functionalized with primers containing 
locked nucleic acid (LNA) complementary to the RNA molecules of interest. 
Initially, nucleic acids containing acryditeTM linker (Figure 2.3) were used to couple 
the oligonucleotides to thiol groups on CMHA-SH via Michael addition, as 
described by Thiele et al..17 This functionalization method was tested by reacting 
CMHA-SH with fluorescently labelled oligonucleotides containing acryditeTM linker 
and producing gel beads thereof by means of droplet microfluidics (Figure 2.4). 
The method was found to be inefficient in our hands, and very little fluorescence 
was observed in the beads (Figure 2.5a). Despite considerable attempts at 
improving the yield of coupling by changing reaction conditions we did not obtain 
satisfying results (Figure 2.5b-j). 
Therefore we changed the modification strategy and decided to use a 
bifunctional linker - sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-
carboxylate (sulfo-SMCC) (Figure 2.6). The linker first needs to be coupled to 
amino-modified oligonucleotides (Figure 2.6a); subsequently, maleimide-activated 
LNA-containing primer can be reacted with thiol groups on CMHA-SH (Figure 
2.6b). The coupling efficiency was tested by using fluorescently labelled 
oligonucleotides. Beads produced from CMHA-SH functionalized with fluorescent 
oligonucleotides this time showed bright, uniform fluorescence after washing 
(Figure 2.5k), as opposed to non-functionalized beads, which showed no 
fluorescence (data not shown).  
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Figure 2.3 Functionalization of thiolated carboxymethyl hyaluronic acid with nucleic acids 
containing acryditeTM linker (phosphoramidite DNA). The modification of the hyaluronic acid 
is marked in red. R = DNA or DNA-LNA hybrid. 
 
 
 
 
 
 
 
 
Figure 2.4 Microfluidic  hydrogel beads production. Two aqueous streams met on chip, one 
carrying hydrogel precursor - thiolated carboxymethyl hyaluronic acid (CMHA-SH) and the 
other crosslinker - poly(ethylene glycol) divinylsulfone (PEG-DVS). They were emulsified 
using  a microfluidic flow focusing device to yield monodisperse droplets, which were 
collected off-chip and polymerized into hydrogel beads by incubation for 20 minutes at 
37 °C followed by 40 minutes at 60 °C. Scale bar = 100 μm. 
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Figure 2.5 Functionalization of thiolated carboxymethyl hyaluronic acid with nucleic acids. 
a) Confocal microscopy image of beads made on-chip of CMHA-SH functionalized with 20-
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base-pair-long fluorophore-labelled oligonucleotides containing acryditeTM linker. b-j) 
Optimization study of coupling nucleic acids containing acryditeTM linker to thiols on CMHA-
SH. Confocal microscopy images of beads prepared from CMHA-SH after the coupling 
reaction with 20-base-pair-long fluorophore-labelled oligonucleotides performed at different 
conditions. The standard conditions of the reaction are described in the experimental 
section, the attempted modifications to the standard protocol were as follows: b) the mixture 
of CMHA-SH with oligonucleotide containing acryditeTM linker was allowed to react for 40 
minutes at 60 °C, c) 15 minutes at 60 °C, d) 15 minutes at 70 °C, e) 5 minutes at 60 °C, f) 5 
minutes at 70 °C, g) CMHA-SH was dissolved in phosphate buffer pH 8, h) phosphate 
buffer pH 8.5, i) carbonate-bicarbonate buffer pH 9.2, j) carbonate-bicarbonate buffer pH 
10.2. k) Confocal microscopy image of beads made on-chip of CMHA-SH functionalized 
with 20-base-pair-long, maleimide-activated, fluorophore-labelled oligonucleotides. The 
microscope settings and image contrast are identical in (a and k) and (b-j). Scale bars in all 
images = 50 μm. 
 
 
 
Figure 2.6 Functionalization of thiolated carboxymethyl hyaluronic acid with nucleic acids 
with a use of bifunctional linker – sulfo-SMCC. a) Scheme of reaction of heterobifunctional 
linker sulfo-SMCC with a 5’ end amine-functionalized LNA-containing primer; the structure 
of the first base is shown. R = remaining bases of the LNA-containing primer. b) Scheme of 
reaction of maleimide-activated LNA-containing primer with thiol groups on CMHA-SH. R’ = 
DNA or DNA-LNA hybrid. The modification of the hyaluronic acid is marked in red. 
 
2.2.3 Efficiency of functionalization of CMHA-SH with primers 
The number of thiols available on the amount of CMHA-SH necessary to produce 
one bead (~80 μm in diameter) was calculated to be approximately 1×1015, taking 
into account the measured thiolation level. The thiols on CMHA-SH participate in 
both, chemical crosslinking and functionalization with nucleic acids.  
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To assess the coupling efficiency of oligonucleotides to CMHA-SH, sulfo-
SMCC linker was coupled to a fluorescent primer. Subsequently, the 
functionalized nucleotides were reacted with CMHA-SH, gel beads were produced 
thereof, and washed extensively. To set up a standard curve for this 
measurement, gel beads containing known concentrations of fluorescent 
oligonucleotides were prepared, but not subjected to washing. The unbound 
fraction of the primer was determined by comparing fluorescence intensity of gel 
beads with the largest primer concentration (4 μM) before and after washing. 
The calibration data of Cy5 labelled oligonucleotides is shown in Figure 2.7. 
We assess the primer to CMHA-SH coupling efficiency to be between 60 % and 
80 %. This estimate corresponds to concentration of ~2.8 ± 0.4 μM of the primer 
inside gel beads or between 4×108 and 5×108 copies of the primer per single bead 
(~80 μm in diameter).  
 
Figure 2.7 The calibration data of fluorescence intensity and oligonucleotide concentration 
in the gel beads. Between 36 and 48 beads were analysed per data point. 
 
2.2.4 Glycosil® (commercial thiol-modified hyaluronic acid) is 
not a suitable material for preparation of hydrogel beads by 
means of droplet microfluidics 
Glycosil® is a commercially available thiol-modified hyaluronic acid. We tested its 
potential use as an alternative for home-made thiolated carboxymethyl hyaluronic 
acid. We performed these experiments due to the potential time-saving of the 
utilization of the commercial alternative. The thiolation level of the commercial 
product, determined by the Ellmans test18 is 19 %, which is comparable to our 
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home-made CMHA-SH (21 % ± 3 %). However, droplet production under 
conditions optimal for home-made CMHA-SH was not possible, as Glycosil® was 
too viscous, causing jetting and uneven inflow. Two approaches to solving this 
problem were attempted. The first approach was to reduce existing disulphide 
bonds between the thiol groups, by adding TCEP (tris(2-carboxylethyl)phosphine) 
to Glycosil® before droplet production. The second was decreasing the 
concentration of Glycosil® to 0.6 % v/v. None of those approaches proved to be 
sufficient on their own to allow droplet production. Only a combination of both of 
them yielded satisfactory droplets. Nevertheless, the hydrogel beads obtained 
from the emulsion after crosslinking were characterised by higher polydispersity in 
comparison to beads made of home-made CMHA-SH (Figure 2.8a). The beads 
were also more fragile, most likely as a result of the low concentration of thiolated 
hyaluronic acid in droplets (Figure 2.8b). Therefore we decided not to use 
Glycosil® in further experiments.  
 
 
 
Figure 2.8 Confocal microscopy images of beads made of Glycosil®. a) An image showing 
polydispersity present in the sample. In b) some beads are deformed. Deformation may be 
attributed to poor mechanical properties caused by low thiolated hyaluronic acid content. 
 
2.3 Conclusions 
The aim of this study was to develop a new type of hydrogel beads containing 
capturing moieties covalently linked to the polymer forming the bead. They should 
outperform available systems, characterized by low efficiency of conjugation of the 
capturing moieties. This goal has been achieved by employing beads made of 
thiolated carboxymethyl hyaluronic acid that can be efficiently functionalized with 
amine-functionalized DNA using sulfosuccinimidyl 4-(N-maleimidomethyl) 
cyclohexane-1-carboxylate. 
From this work, it can also be concluded that agarose is not a suitable material 
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for performing on-bead enzymatic reactions, as agarose beads partially 
disintegrate after incubation at temperatures commonly used for enzymatic 
reactions (37-45 °C). Furthermore, production of beads with satisfying mechanical 
properties from Glycosil® is challenging and we do not recommend using this 
material for preparation of hydrogel beads by means of droplet microfluidics. 
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2.5 Materials and methods 
General experimental details 
All chemicals were purchased from Sigma Aldrich unless otherwise specified. For 
centrifuging of beads, a MiniSpin plus centrifuge (Eppendorf) was used at a speed 
of 2000 RPM for 1 minute, and incubations were performed in Grant Bio PCMT 
HC15 thermoshakers. 
Microfluidic devices fabrication and general microfluidic experimental setup 
Microfluidic devices were fabricated using combined photo- and soft- lithography 
in poly(dimethylsiloxane) (PDMS) (Dow Corning, Germany).19 A negative 
photoresist (SU-8 25 or SU-8 50, Microchem Co., USA) was spin-coated onto the 
polished site of a 2 inch silicon wafer (SI-MAT, Germany). A mask aligner (MJB3, 
Süss MikroTec, Germany) was used to impart the microchannel structure of a 
transparent photomask (JD Phototools, UK) into the photoresist. A PDMS replica 
of the channel design was formed by mixing the PDMS oligomer and cross-linker 
in a ratio of 10:1 (w/w) and curing the homogeneous, degassed mixture at 65 °C 
for at least 2 h. Thereafter, access ports were bored into the soft replica with a 
biopsy needle (outer diameter: 1.0 mm, Pfm, Medical Workshop, USA), and the 
PDMS replica was bonded to a glass slide after oxygen plasma treatment (Femto, 
Diener electronic) and stored at 100°C for 30 minutes. The channels were 
subsequently coated with Aquapel (Pittsburgh glass works) to render the channel 
surfaces hydrophobic, after which they were incubated at 100 °C overnight. 
Microfluidic devices were connected to high-precision, positive displacement 
syringe pumps (neMESYS, Cetoni, Germany) via PTFE tubing (inner diameter: 
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0.56 mm, outer diameter: 1.07 mm, Novodirect, Germany). 
Agarose gel beads 
A stream of aqueous phase containing 1.8 % (w/v) ultra-low gelling temperature 
agarose (type IX-A) was injected into PDMS chip for beads production. Automated 
syringe pumps (Cetoni GmbH) controlled the flow rates inside the microfluidic 
device. The device was maintained above room temperature for a steady and 
uniform agarose droplets production using a heating pad and a fan heater. 
Droplets were stabilized using a biocompatible Krytox®-based tri-block copolymer 
surfactant.20 Subsequently the emulsion was collected at the outlet of the channel 
and cooled to 4 °C. Next the beads were transferred into a Costar® Spin-X® 
centrifuge tube filter (Corning) and centrifuged for 5 minutes at 1800 RPM to 
remove oil. Subsequently the flow-through was discarded, beads were 
resuspended in 0.5 mL of PBS and centrifuged for 7 minutes at 3000 RPM. The 
washing step was repeated 3 times. Next the beads were incubated in respective 
reaction buffers mimicking protocols described by Sato et al. and Weibrecht et 
al..15,16 The state of the beads was assessed by imaging them with a light 
microscope (IX71, Olympus) equipped with 20x objective lens. 
Hyaluronic acid thiolation 
Thiolated carboxymethyl hyaluronic acid was synthesized following a modified 
procedure as previously reported by Prestwich and coworkers.21 250 mg 
hyaluronic acid (Lifecore Biomedical) was dissolved in 25 ml 2-(N-
morpholino)ethanesulfonic acid buffer (pH 4.75, 0.1 M). 50 mg PDPH (3-(2-
pyridyldithio)propionyl hydrazide) (Thermo Scientific) was added to the solution. 
After dissolving the PDPH, 300 mg EDC (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide) (Novabiochem, Merck) was added, and the 
reaction was stirred for 3.5 hours at room temperature. The mixture was dialysed 
with a membrane (molecular weight cut off 3500 g mol-1, Spectrum Laboratories 
Inc) against milliQ water overnight at 4 °C. Subsequently 100 mg tris(2-
carboxyethyl)phosphine (TCEP) was added and the mixture was stirred for 3.5 
hours at room temperature. Then it was dialysed three times against 0.1 M NaCl 
(pH 3.5) and three times against Milli-Q (pH 5), and finally lyophilized. The level of 
thiolation was determined with Ellmans test.18 and found to be 21.3 ± 3.4 %. 
Functionalization of CMHA-SH with primers - acryditeTM  
CMHA-SH was dissolved in RNase free PBS (Ambion) pH 7.4 at a concentration 
of 38.7 mg ml-1. AcryditeTM modified oligonucleotides were added to dissolved 
CMHA-SH at the desired concentration and incubated for 90 minutes at 37 °C 
while shaking at 850 RPM. 
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Functionalization of CMHA-SH with primers - sulfo-SMCC linker 
Coupling Sulfo-SMCC linker to primers 
Sulfosuccinimidyl 4-[N-maleimidomethyl]-cyclohexane-1-carboxylate (Sulfo-
SMCC) linker (Thermo Scientific) was dissolved in DEPC treated water to a 
concentration of 10  mg mL-1 and was mixed with an equal volume of 1 mM amino-
modified fluorescent DNA primer (5’AmMC6/ 
GTGGACGGGCGGCGGATCGGCAAAG/3’Cy5/) (Integrated DNA Technologies 
(Belgium)). The mixture was incubated for 2 hours at 25 °C while shaking at 850 
RPM after which 1/10 volume 3 M sodium acetate (Merck) and 2.75 volumes of 
RNase free ethanol (VWR International) were added to precipitate the nucleic 
acid. After mixing, the samples were incubated for at least 1 hour at -20 °C to 
ensure complete precipitation and subsequently centrifuged for 20 minutes at 
13000 RPM. The supernatant was removed and 100 μL 70 % ethanol was added, 
followed by centrifuging for 3 minutes at 13000 RPM. This washing step was 
repeated once, after which the supernatant was removed and the samples were 
dried to air. After drying the pellet was dissolved in 150 μL DEPC treated water. 
DNA and LNA concentrations were determined with Nanodrop spectrophotometer 
(ND-1000, NanoDrop Technologies). 
Coupling of maleimide-activated primers to CMHA-SH 
CMHA-SH was dissolved in RNase free PBS (Ambion) at a concentration of 38.7 
mg mL-1. The maleimide-activated oligonucleotide was added to dissolved CMHA-
SH at the desired concentration and incubated for 2 hours at 22 °C at 850 RPM. 
Microfluidic CMHA-SH beads production 
The oil phase consisted of 2 % (w/w) home-made triblock copolymer surfactant 
(Krytox-Jeffamine-Krytox)20 in fluorinated oil (HFE7500, 3M). One of the water 
phases comprised poly(ethylene glycol) divinylsulfone (PEG-DVS, JenKem 
Technologies, Mw 3500 g mol−1) dissolved in lysis/binding buffer (μMACSTM 
mRNA isolation kit, Miltenyi Biotec) at a concentration of 34.8 mg mL-1. As a 
second phase PBS solution of thiolated carboxymethyl hyaluronic acid 
functionalized with DNA was used. Both water phases were mixed on chip (Figure 
2.9). The flow rates were set to 900 μL h-1 for oil phase and 150 μL h-1 for both of 
the water phases. Production of droplets was followed with an IX71 microscope 
(Olympus) equipped with 10x and 20x objective lenses (air) and a Phantom MIRO 
high-speed camera (Vision Research Inc.). Movies were recorded for analysis by 
PCC2.6 software. After production the beads were incubated for 20 minutes at 
37 °C followed by 40 minutes at 60 °C to complete crosslinking. To break the 
emulsion and release hydrogel beads, 200 μL of a buffer and 200 μL 
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1H,1H,2H,2H-perfluoro-1-octanol (PFO) (20 % v/v in HFE7500 oil) were added to 
the tube. Subsequently beads were washed 3 times. Standard beads washing 
step was performed as follows: washing solution (for example washing/lysis buffer 
or PBS-T) was added and mixed with the beads, after which they were centrifuged 
at 2000 RPM, for one minute, subsequently the supernatant was removed. 
 
  
 
Figure 2.9 Microfluidic device design. 
Efficiency of functionalization of CMHA-SH with primers  
Sulfo-SMCC linker was coupled to fluorescent primer bearing Cy5 dye on the 3’ 
end as described above. Subsequently CMHA-SH was reacted with the 
functionalized nucleotides following the procedure described above and gel beads 
were produced thereof. The fluorescence intensity was measured from gel beads 
using a fluorescence microscope. The calibration data were obtained from gel 
beads containing known concentrations of fluorescent oligonucleotide which were 
not subjected to any washing step. To assess the oligonucleotides to CMHA-SH 
coupling efficiency, gel beads containing florescent primer at a concentration used 
in cell experiments (4μM), were prepared and subjected to extensive washing. 
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3.1 Introduction 
mRNA levels show heterogeneity even in cells bearing the same genotype.1-3 
The detection of these cell-to-cell variations is not possible in traditional bulk 
studies, where thousands to millions of cells are pooled together and their average 
gene expression is studied (Figure 3.1). When average gene expression within a 
large population is being measured, it is impossible to distinguish between a 
response in the whole population or in a subset of cells. Additionally, cell 
populations that are believed to be uniform might contain subpopulations of cells 
with different transcriptional profiles. In such a case, it is possible that the 
observed effects are caused by an increase or decrease in number of cells of a 
certain subpopulation, rather than a change in gene expression levels of individual 
cells. Therefore, often, the only way to understand how expression of certain 
genes is regulated is by looking at single cells separately.4,5 
  
 
 
Figure 3.1 The limits of bulk gene expression studies. An increase in gene expression 
detected in a mixture of cells can be caused by: (Population 1) a change in all cells of the 
population; (Population 2) a stronger change in one cell type, the other type being non-
responsive or (Population 3) proliferation of a highly-expressing cell type. Reproduced with 
permission from reference 4. 
  
The desire to understand cellular heterogeneity has been the driving force for 
the development of instrumentation, protocols, and methods for analysing single 
cells on many different levels, including transcription.6-8 Most single-cell gene 
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expression analyses are based on RNA sequencing,7,9-12 reverse transcription 
quantitative real-time polymerase chain-reaction (RT-qPCR) combined with 
microfluidics,8 or in situ hybridization methods.13  
None of these methods is free of limitations. At the moment, single cell RNA 
sequencing methodology is developing very rapidly and the major technological 
challenges faced by the field are being solved. (More information about single cell 
RNA sequencing and in-depth description of the method can be found in Chapter 
4.) The throughput of the method has been increasing rapidly, although high 
throughput single-cell RNA sequencing is still very expensive.14 Microfluidic RT-
qPCR, which solves the problem of low-throughput, suffers from additional noise 
in complementary DNA (cDNA) quantification due to a pre-amplification step.15 
Moreover, capturing multiple single cells quickly and accurately with high 
efficiency and without introducing bias still remains one of the main challenges of 
both methods.  
 
Figure 3.2 Detection of individual transcripts with padlock probes and target-primed rolling 
circle amplification. After cDNA synthesis, the padlock probe, targeting the sequence of 
interest, is hybridized to the cDNA. In case of a perfect match, the ends of the probe are 
ligated. The circular DNA is used as template for the rolling circle amplification reaction, 
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primed by the cDNA, creating a localized clew of DNA at the site of the detected mRNA 
molecule. The amplification products are identified through hybridization of fluorescent 
detection probes. Reproduced with permission from reference 18. 
  
In situ mRNA imaging is still a golden standard in gene expression analysis. In 
the classical format of in situ mRNA imaging, tissues or cells are hybridized with 
fluorescently labelled oligonucleotide probes after fixation. Probes are either 
directly conjugated to fluorophores or to enzymes which generate easy detectable 
products from added substrates. Due to recent developments in probe design, 
imaging technologies and data analysis software, several methods for imaging 
individual mRNA molecules in single cells are available.16 The main drawback of 
mRNA fluorescence in situ hybridization (FISH) is the relatively small number of 
genes than can be simultaneously measured due to the spectral overlap of 
fluorescent dyes, and difficulties with resolving highly similar sequences.  
  
  
 
Figure 3.3 Overview of mRNA quantification experiment workflow. From left to right: cells 
are encapsulated on-chip. After cell lysis, mRNA of interest hybridizes to the LNA-
containing primers on thiolated carboxymethyl hyaluronic acid (CMHA-SH). A series of 
enzymatic reactions is carried out which results in long, concatemeric single-stranded DNA 
molecules. The DNA clews after hybridization with many fluorescently labelled detection 
oligonucleotides can be visualized as fluorescent, bright spots. 
  
Detection of individual transcripts in situ with padlock probes and target-primed 
rolling circle amplification (RCA)17,18 allows us to distinguish between expressed 
single-nucleotide sequence variants. Padlock probes are single-stranded linear 
oligonucleotides that are ~90 nucleotides in length. Padlock probes consist of two 
sequences complementary to the target, connected by a linker sequence. Upon 
head-to-tail hybridization to the specific nucleic acid molecule, the ends of the 
padlock probes are ligated, creating circular DNA molecules (Figure 3.2).19,20 The 
inability of ligase to ligate mismatching oligonucleotides provides the selectivity by 
distinguishing between similar sequences variants.21 Circular DNA molecules 
obtained in the ligation reaction can then be used as templates for DNA replication 
in a RCA reaction. In case of applying this approach to in situ mRNA detection, 
cells are first fixed on the glass slide, mRNA molecules are subsequently reverse 
transcribed into cDNA. An RCA can be then performed with cDNA serving as a 
primer, ensuring that the RCPs (rolling circle amplification products) stay 
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covalently attached to the original target molecules, which ensures colocalization 
of the targets and signals. RCPs are very long strands of concatameric DNA that 
collapse into a clew of approximately 1 μm diameter. These balls can be detected 
after hybridization with fluorophore-labeled complementary DNA. A number of 
transcripts in individual cells can be determined by counting fluorescent dots 
(Figure 3.2).17-19 Detection of individual transcripts in situ with padlock probes and 
target-primed rolling circle amplification is a powerful method but its dynamic 
range is limited22 and it involves fixation steps that may result in unwanted mRNA 
losses and degradation.  
The aim of the work described in this chapter was to develop a new method for 
single-cell gene expression analysis, free of amplification bias, based on padlock 
probes and RCA. The method should extend the dynamic range of previously 
published methods by lysing cells and immobilizing the mRNA within an increased 
volume. We chose to employ thiolated carboxymethyl hyaluronic acid (CMHA-SH) 
gel beads functionalized with oligonucleotides prepared by means of droplet 
microfluidics, described in Chapter 2. We strived to achieve a low-tech, low-cost, 
general, and high-throughput procedure for capturing molecules from single cells. 
We designed a workflow that begins with the compartmentalization of individual 
cells in picoliter droplets (Figure 3.3). These droplets contain lysis buffer and 
cross-linkable polymer with primers containing locked nucleic acid (LNA; Figure 
3.4) which are complementary to the mRNA of interest. Upon crosslinking and cell 
lysis, mRNA hybridizes to the newly formed functionalized hydrogel, and the 
remaining cell debris can be washed away after breaking the emulsion. The 
individual mRNA molecules are then available for detection (Figure 3.3). mRNA 
quantification, free of pre-amplification bias, is ensured by using padlock probes 
and rolling circle amplification followed by hybridization with fluorescent probes. 
The number of transcripts in individual cells is assessed by simply counting 
fluorescent dots inside gel beads.  
 
 
 
Figure 3.4 The chemical structure of the locked nucleic acid used in this work - α-L-LNA. 
LNA is a nucleic acid analogue that displays increased hybridization affinity towards 
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complementary RNA without compromised selectivity.23 
3.2 Results and discussion 
3.2.1 Comparison of cell encapsulation efficiency between 
adherent and suspension cell lines 
In order to perform quantitative single-cell mRNA analysis we encapsulated single 
cells in primer-functionalized hydrogel microbeads for single-cell mRNA capturing. 
A suspension of cells, thiolated carboxymethyl hyaluronic acid in phosphate 
buffered saline (PBS) and cross-linker solution containing poly(ethylene glycol) 
divinyl sulfone (PEG-DVS) in lysis buffer were injected into a microfluidic flow-
focusing device with three inlets for microdroplet generation as shown in Figure 
3.3. The details of microfluidic gel beads production and their functionalization are 
described in Chapter 2. Merging of the two aqueous streams just before droplet 
production ensures that cell lysates are confined to individual droplets and 
eliminates the risk of cross contamination. Subsequently, these precursor droplets 
were gelled at 37 °C for 20 min and incubated at 60 °C for 40 min to facilitate lysis. 
The number of cells in each droplet followed a Poisson distribution when 
suspension cells were used, with slight deviations due to non-specific clustering of 
the cells in experiments where an adherent cell line was used (Table 3.1). For a 
concentration of human myelogenous leukaemia K562 cells (cells growing in 
suspension) corresponding to an average 0.17 cell per bead, approximately 85 % 
Table 3.1 Cell encapsulation statistics. 
 
Number of 
cells in bead 
(n) 
SKBR3 cell line K-562 cell line Theoretical value  based 
on Poisson distribution 
Fraction of 
droplets with 
n cells 
Fraction of 
positive 
droplets with 
 n cells 
Fraction of 
droplets with 
 n cells 
Fraction of 
positive 
droplets with 
 n cells 
Fraction of 
droplets with 
n cells 
Fraction of 
positive 
droplets with 
 n cells 
0 88.0 % - 85.2 % - 84.4 % - 
1 8.1 % 68.0 % 13.3 % 90.3 % 14.2 % 91.8 % 
2 2.9 % 24.1 % 1.4 % 9.4 % 1.2 % 7.8 % 
3 0.7 % 5.9 % 0.1 % 0.3 % 0.1 % 0.4 % 
≥4 0.2 % 1.9 % 0 % 0 % 0 % 0 % 
 
of beads were empty (=negative), and 90 % of positive beads contained a single 
cell. These results are in very good agreement with theoretical values calculated 
from Poisson distribution. Using the SKBR3 cell line (adherent cell line), 88 % of 
beads were empty and approximately 68 % of positive beads contained single 
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cells, showing deviation from the theoretical value based on Poisson distribution 
(Table 3.1). It is important that the majority of positive beads contains only one 
cell, since it is not possible to determine the number of cells encapsulated in a 
bead once cells are lysed. Therefore, suspension cells are more suitable for these 
studies and were used in the majority of experiments. Adherent cells can also be 
used, but the increased encapsulation of multiple cells has to be taken into 
account during interpretation of results making analysis compromised. 
3.2.2 Lysis buffer optimization 
In order to capture and analyse mRNA content in single cells, it is necessary to 
lyse cells after encapsulation to release cell contents and enable RNA 
hybridization to primers on the hydrogel (Figure 3.5). When a commercially 
available high salt lysis buffer containing 1 % sodium dodecyl sulphate (SDS) was 
used to lyse cells, some cell structures persisted after the lysis step (Figure 3.5c). 
 
 
 
Figure 3.5 a) Confocal microscopy image of a bead containing a cluster of 6 cells after lysis 
with commercially available high salt lysis buffer containing 1 % SDS and series of 
enzymatic reactions leading to detection of single mRNA molecules. b) Confocal 
microscopy image of a bead after cell lysis with home-made lysis agent containing 
guanidine hydrochloride at high concentration and series of enzymatic reactions leading to 
detection of single mRNA molecules. c) Image of hydrogel beads after lysis and washing 
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with the commercial set of buffers. Arrows indicate persisted cell-structures that are visible 
inside the beads. Inset: a close-up with remains of two cells. d) Image of hydrogel beads 
after lysis with guanidine hydrochloride containing lysis buffer and washing with home-made 
washing buffer. No visible cell structures survived the lysis. Inset: a close-up on one of the 
beads. Scale bars in all images = 50 μm. 
 
Partial cell lysis prevents mRNA diffusion, which limits localization of fluorescent 
spots generated by rolling circle amplification products to the area of the cell, 
making counting difficult and decreasing resolution of the method (Figure 3.5a). 
 
Figure 3.6 Detection of individual transcripts in beads with padlock probes (blue) and 
target-primed RCA. mRNA (magenta) hybridizes with primers (dark grey) coupled to the 
hydrogel (light grey), then is reverse transcribed yielding cDNA (yellow) and finally digested 
of by ribonuclease H. Padlock probes are subsequently hybridized to cDNA and ligated by 
Ampligase, yielding a circular product. The final step is target primed RCA catalysed by φ29 
DNA polymerase, resulting in a long DNA concatemer. 
 
Therefore we decided to replace the commercial lysis buffer with home-made 
lysis agent containing a chaotropic salt – guanidine hydrochloride at high 
concentration. Guanidine hydrochloride is a potent denaturing agent and is used in 
RNA isolation. This powerful lysis agent does not, however, cause denaturation of 
mRNA-primer hybrids as primers used in our experiments contain LNA 
nucleotides. Hybrids containing LNA substituted oligonucleotides are known to be 
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very stable, even in the presence of high concentrations of chaotropic salts.24 After 
lysis with guanidine hydrochloride-based lysis agent there were no cell remains 
visible within the beads (Figure 3.5d) and rolling circle amplification products are 
evenly distributed within a bead (Figure 3.5b). Moreover, the use of guanidine 
hydrochloride containing lysis agent leads to concomitant inhibition of endogenous 
RNases which eliminates risk of RNA degradation during lysis procedure. 
3.2.3 Detection of individual transcripts in beads with padlock 
probes and target-primed RCA 
For detection and quantification of mRNA molecules captured on bead, we 
adapted a method previously developed by Weibrecht et al.18 Figure 3.6 shows 
the mRNA quantification procedure in detail: after cell lysis the mRNA of interest 
hybridizes to the primer moieties in the gel bead. The oil is removed and 
remaining cell debris is washed away. The primer–mRNA pairs are subjected to 
reverse transcription yielding cDNA covalently attached to the thiolated 
carboxymethyl hyaluronic acid (Figure 3.6, yellow strand). After mRNA digestion 
by ribonuclease H, the linear padlock probe can hybridize to the cDNA. Only upon 
perfect hybridization the ends of the padlock probe can be ligated by the DNA 
ligase Ampligase, yielding a circular product. This circular oligonucleotide acts as 
a template for target-primed RCA catalysed by φ29 DNA polymerase, resulting in 
a long DNA concatemer. The number of captured transcripts is assessed at the 
end of the procedure by counting fluorescent dots that form following the 
hybridization with fluorescent detection oligonucleotides (Figure 3.3). 
  
 
 
Figure 3.7 Confocal fluorescence microscopy images of beads containing fluorescent 
rolling circle amplification products after encapsulation of cells and mRNA detection. a) 
Without proteinase K treatment a high level of background signal is present in beads 
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containing spots, beads with no fluorescent spots, black in a) and not visible in b), are 
beads which contained no cells. b) After performing protocol involving proteinase K 
treatment, the signal to noise ratio improved significantly. 
 
In order to decrease non-specific background fluorescence (Figure 3.7) beads 
were treated with proteinase K prior to the hybridization step.  
3.2.4 Dynamic range of mRNA detection with padlock probes 
and target-primed RCA in hydrogel beads 
To verify our detection procedure and to explore the dynamic range of the method, 
we performed RCA of padlock probes on beads modified with different amounts of 
single-stranded DNA complementary to the ends of the padlock probe (Figure 
3.8a). We found that it is possible to quantify fluorescents dots from just a few 
copies up to 1000 DNA molecules per single bead (Figure 3.8b). In previous work 
on in situ mRNA detection with padlock probes and RCA the signals started to 
coalesce at mRNA copy numbers over 100, thus limiting the dynamic range.22 Our 
method allows for even spreading of mRNA from single cells during lysis over the 
entire bead, increasing distances between molecules and enhancing the dynamic 
range of our method. 
3.2.5 Quantification of cross-contamination between hydrogel 
beads 
To verify possible leakage of RNA from gel beads, two populations of beads were 
mixed in a 1:1 ratio directly after on-chip bead production, preceding emulsion 
breakage. One set of beads contained RNA, whereas the other beads were empty 
but made with fluorescently modified CMHA-SH. Both hydrogel bead populations 
were prepared out of CMHA-SH modified with primers complementary to the 
synthetic RNA used in the experiment. After pooling of the two populations, RNA 
molecules were detected as described above. The average number of spots 
counted in the negative control (reverse transcriptase omitted) was subtracted in 
all experiments from the results obtained for positive samples. In RNA-containing 
beads, an average of approximately 116 spots were counted whereas an average 
of 14 spots was seen in control beads (Figure 3.8c, d). These results indicate that 
leakage and transfer of mRNA after emulsion breakage is low. In cell-based 
experiments, the fraction of positive droplets is much lower than 50 %, making it 
highly unlikely that any fluorescent spots originate from mRNA of cells 
encapsulated in other droplets. 
3.2.6 Quantification of mRNA from single cells 
We performed detection of the beta-actin gene (ACTB) transcripts in SKBR3 cells. 
515766-L-bw-rakszewska
Processed on: 18-12-2017 PDF page: 77
                                                                                                         
Quantitative single-cell mRNA analysis in hydrogel beads 
65 
ACTB is widely regarded as a housekeeping gene, though there is growing 
amount of evidence published lately for its up-regulation in tumour cells.25 We 
compared the obtained values with literature data. The average number of spots 
corresponding to ACTB transcripts detected per cell of 108 is in good agreement 
with previous findings (Figure 3.9a).17 
To test the ability of primer-functionalized hydrogel beads for capturing and 
detection of two transcripts from one cell we measured beta-actin and c-Myc 
(MYC) transcripts in the myelogenous leukemia K562 cell line. MYC is an 
oncogene that codes for the highly regulated and multifunctional MYC protein.26  
 
 
 
Figure 3.8 a) Schematic overview of DNA detection on a hydrogel support with padlock 
probes and RCA. Single-stranded DNA is shown in red. b) Confocal fluorescence 
microscopy images of beads containing fluorescent dots resulting from in-bead DNA 
detection. Concentration of immobilized DNA was 10-fold diluted with each image from left 
to right. c) Estimation of cross-contamination between gel beads. A confocal microscope 
image representing a sum of 32 z-slices; rolling circle amplification products (RCPs; red) 
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and beads functionalized with a maleimide reactive dye (green) are shown. Yellow lines 
were drawn around non-fluorescent beads as a visual aid. d) Quantification of cross-
contamination between hydrogel beads. A box-and-whisker plot is shown, where the 
whiskers represent the minimum and maximum of all of the data. The bottom and top of the 
box are the first and third quartiles, the band inside the box is the median. 25 beads of each 
type were analysed. Scale bars in in (b) and (c) = 50 μm. 
 
To enable analysis of two transcripts in one bead, CMHA-SH was modified with 
two different primers complementary to the transcripts of interest. The results of 
quantification of ACTB and MYC transcripts in K562 cells are presented in Figure 
3.9b. The number of MYC transcripts detected per cell in the analysed sample 
ranged from 1 to 25 with an average and median of 6 transcripts per cell. 
 
 
 
Figure 3.9 Quantification of mRNA from single cells. a) Histogram showing quantification of 
ACTB RCPs in 36 beads containing SKBR3 cells. b) Quantification of ACTB and MYC 
transcripts in 31 beads containing K562 cells. One gel bead corresponds to one point on 
the graph. The means of the independent experiments were: 145 and 108 transcripts for 
ACTB and 6 and 14 transcripts for MYC. Inset: a confocal microscope image representing a 
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sum of 32 images from z-series showing RCA products corresponding to ACTB (red) and 
MYC (green) transcripts inside a hydrogel bead. Scale bar = 50 μm. a) and b) show the 
results of one representative experiment from two repetitions performed. 
 
We observed considerable heterogeneity in the number of ACTB signals 
among cells. The number of transcripts detected per cell in the analysed samples 
ranged from 51 up to 467 for SKBR3 cells and from 37 to 341 for the K562 cell 
line. The heterogeneity in the number of signals among cells is consistent with 
earlier literature reports (Figure 3.9).17 The ACTB transcript distribution is 
lognormal for both cell lines as confirmed by the Shapiro–Wilk normality test at a 
95 % significance level (P = 0.05) which is also in agreement with previous 
findings (Figure 3.10).1,15 
 
 
Figure 3.10 Histogram showing the expression levels of ACTB in 31 beads containing K562 
cells in logarithmic scale. The vertical axis indicates the cell count in each histogram bin. 
 
3.3 Conclusions 
We successfully applied decorated thiolated carboxymethyl hyaluronic acid beads 
as a single-cell RNA capturing matrix. We developed a new method of mRNA 
quantification that is free of amplification bias. The method provides an alternative 
to other state-of-the-art gene expression assays and is suitable for the analysis of 
mRNA from non-adherent cells. This method is a high-throughput, straightforward, 
and low-cost procedure with increased resolution in comparison to previously 
employed assays. We believe that after minor optimization, the method can be 
used for subsequent quantification of 4 different transcripts from single cells and 
ultimately, single cell RNA sequencing.27 
The work described in Chapters 2 and 3 provides an interesting example how 
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the marriage of materials science and state-of-the-art technology can lead to the 
development of new and improved methods and protocols for biology. 
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3.5 Materials and methods 
General experimental details 
For all experiments involving RNA an RNase free working environment was 
maintained and RNase free reagents and solution were used. DEPC-treated water 
was purchased from Ambion and ultrapure water was obtained from a Milli-Q® 
Advantage A10® purification system with a resistivity of 18.1 MΩ. All chemicals 
were purchased from Sigma Aldrich unless otherwise specified. For centrifuging of 
beads a MiniSpin plus centrifuge (Eppendorf) was used at a speed of 2000 RPM 
for 1 minute, and incubations were performed in Grant Bio PCMT HC15 
thermoshakers. 
Microfluidic devices fabrication and general microfluidic experimental setup, 
method of hyaluronic acid thiolation and functionalization of CMHA-SH with 
primers were described in Materials and Methods section of Chapter 2. 
Cell culture and preparation  
SKBR-3 cells were cultured in modified McCoy’s 5A medium (Gibco), 
supplemented with 10 % Fetal Calf Serum (Gibco) and Penicillin (100 U mL-
1)/Streptomycin(100 μg mL-1) (Gibco). K-562 cells were cultured in mixed medium 
consisting of 75 % RPMI (Gibco) and 25% IMDM (Gibco), supplemented with 
10 % Fetal Calf Serum and Penicillin (100 U mL-1)/ Streptomycin (100 μg mL-1). 
Both were kept at 37 °C in 7.5 % CO2.  
Before encapsulation, SKBR3 cells were treated with 0.25 mg mL-1 trypsin: 
EDTA (Lonza, Switzerland) or Versene until they detached. Before cell 
encapsulation experiments, SKBR3 cells and K562 cells were washed once in 1 
ml PBS, after which they were resuspended at the desired concentration and 
mixed with the previously functionalised CMHA-SH. 
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Microfluidic gel beads production 
The oil phase consisted of 2 % (w/w) home-made triblock copolymer surfactant 
(Krytox-Jeffamine-Krytox)28 in fluorinated oil (HFE7500, 3M). One of the water 
phases comprised poly(ethylene glycol) divinylsulfone (PEGDVS, JenKem 
Technologies, Mw 3500 g mol−1) dissolved in lysis/binding buffer (μMACSTM 
mRNA isolation kit, Miltenyi Biotec) at a concentration of 34.8 mg mL-1, 2 % 
Ribolock RNase inhibitor (40 U μL-1, Thermo Scientific) and RNA in case of 
experiments verifying potential leakage of RNA from beads in course of the 
protocol. As a second phase cell suspension in PBS solution of thiolated 
carboxymethyl hyaluronic acid functionalised with DNA was used. Both water 
phases were mixed on chip. The microfluidic setup involving high-precision, 
positive displacement syringe pumps, IX71 microscope (Olympus) and a Phantom 
MIRO high-speed camera (Vision Research Inc.) is depicted in Figure 3.11. The 
flow rates were set to 900 μL h-1 for oil phase and 150 μL h-1 for both of the water 
phases. Movies from droplet production were recorded for analysis by PCC2.6 
software. Droplets containing cells were collected on ice. After production the 
beads were incubated for 20 minutes at 37 °C followed by 40 minutes at 60 °C to 
complete lysis and crosslinking. Standard beads washing step was performed as 
follows: washing solution (for example washing/lysis buffer or PBS-T) was added 
and mixed with the beads, after which they were centrifuged at 2000 RPM, for one 
minute, subsequently the supernatant was removed. To break the emulsion and 
release hydrogel beads for subsequent enzymatic reactions, the beads were 
washed with 200 μL lysis solution (6 M guanidinium HCl, 25 mM EDTA)29 and 200 
μL 1H,1H,2H,2H-perfluoro-1-octanol (PFO) (20 % v/v in HFE7500 oil). 
 
 
 
Figure 3.11 Microfluidic setup for cell encapsulation in primer functionalized hydrogel 
microbeads.  
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Cell lysis and reverse transcription 
After breaking the emulsion the beads were incubated for 5 minutes at 37 °C at 
400 RPM. After centrifuging for 1 minute at 2000 RPM the remaining oil and 
supernatant were removed. The beads were washed 4 times with 100-200 μL 
wash buffer (20 mM Tris-HCl (Gibco), 0.05 M NaCl, 1 mM EDTA, 0.1 g ml-1 
Sodium N-lauryl surcosinate).24 This was followed by two washing steps with 100 
μL equilibration/wash buffer (μMACSTM mRNA isolation kit, Miltenyi Biotec). 30 μL 
of bead suspension was used per reaction. To the positive samples 20 μL of 
reverse transcription mix in resuspension buffer (μMACSTM mRNA isolation kit, 
Miltenyi Biotec) was added and to the negative sample 20 μL DEPC-treated water. 
The samples were incubated for 1 hour at 42 °C and centrifuged for 1 minute at 
2000 RPM. Subsequently the supernatant was removed and the beads were 
resuspended in 40 μL of PBS with 0.05 % Tween20 (PBS-T) and stored overnight.  
For studies aiming at improving cell lysis, above mentioned lysis and wash 
buffer were compared with a commercial lysis/binding buffer in combination with 
corresponding wash buffer (both μMACSTM mRNA isolation kit, Miltenyi Biotec). 
Afterwards bright field images were taken using an IX71 microscope (Olympus) 
equipped with 10× and 40× objective lenses (air). 
Padlock probe ligation  
The beads were centrifuged and the supernatant was removed. Each sample was 
washed with 20 μL washing mix (1x Ampligase buffer (Epicentre, Lot numbers A12 
20817 and AB5 30315), 0.05 M KCl, 0.2 mg mL-1 Bovine Serum Albumin (BSA, 
Molecular Grade), 20 % formamide, 1 U μL-1 Ribolock RNase inhibitor (Thermo 
Scientific)). Subsequently 20 μL of the reaction mix (0.93 x Ampligase buffer, 
0.047 M KCl, 0.19 mg ml-1 BSA, 18.6 % formamide, 0.93 U μL-1 Ribolock RNase 
inhibitor, 1.05 U μL-1 Ampligase (Epicentre), 0.18 U μL-1 RNase H (Thermo 
Scientific), 1.38 μM padlock probe solution of both c-myc and actin-β (see Table 
3.2 for sequences)) was added to each sample, which was subsequently 
incubated for 30 minutes at 37 °C followed by 45 minutes at 45 °C. The beads 
were centrifuged, the supernatant was removed and the beads were washed with 
200 μL PBS-T. 
Rolling circle amplification (RCA) 
After the ligation reaction the supernatant was removed from the beads and 20 μL 
RCA mix (11.1 U φ29polymerase (10 U μL-1, Thermo Scientific), 1x φ29 
polymerase buffer (Thermo Scientific), 0.1 mg mL-1 BSA, 10 mM dNTPs (Thermo 
Scientific) and 2.5 % Ribolock RNase inhibitor (40 U μL-1, Thermo Scientific)) was 
added. The samples were incubated for 2 hours at 30 °C after which the beads 
were centrifuged and the supernatant was removed. 
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Proteinase K treatment 
20 μL proteinase K mix (0.2 mg ml-1 proteinase K (Ambion), 30 μM Tris-HCl) was 
added to a sample and incubated for 42 minutes at 42 °C, followed by 15 minutes 
at 80 °C to denature proteinase K. The sample were subsequently washed with 
100 μL PBS-T. 
Hybridisation of the detection probe  
40 μL hybridisation mix (20 mM EDTA, 20 mM Tris-HCl, 0.5 M NaCl, 1 % 
Tween20 and 1 μM of each fluorescent detection probe) (see Table S1 for 
sequences) were added to each sample, which were incubated at 50 °C for 10 
minutes, followed by 10 minutes at 40 °C and 10 minutes at 30 °C. The samples 
were washed with 100 μL PBS-T and resuspended in 30 μL PBS-T. 
 
Table 3.2 Oligonucleotides sequences 
All oligonucleotides containing alpha-L-LNA were purchased from Exiqon (Denmark). The 
remaining oligonucleotides were purchased from Integrated DNA Technologies (Belgium). 
We used sequences available in literature.17,18 
 
 Gene Modification Sequence 
cDNA 
primers 
ACTB 5' Amino /5’AmMC6/G+TG+GA+CG+GG+CG+GC+GGAT
CGGCAAAG 
MYC 5'Amino /5’AmMC6/G+CG+TC+CT+TG+CT+CG+GGTGT
TGTAAGTTCCAG 
Padlock 
probes 
ACTB 5'phosphate /5'phosphate/AGCCTCGCCTTTGCCTTCCTTTT
ACGACCTCAATGCACATGTTTGGCTCCTCTT
CGCCCCGCGAGCACAG 
MYC 5'phosphate /5'phosphate/CGAAACTTTGCCCATAGCAGATT
GGAACGTTTAAATGCGTCTATTTAGTGGAGC
CGAGACAATCTTACATCGCAACCCTTGCCGC
ATCCA 
Detection 
probes 
ACTB 5’Cy5 /5’Cy5/CCTCAATGCACATGTTTGGCTCC 
MYC 5’Alexa488 /5’Alex488N/TGCGTCTATTTAGTGGAGCC 
RCA 
primers 
(mRNA 
antisense 
ACTB 5'acryditeTM /5’Acryd/ATCCATGGTGAGCTGGCGGCGGGT
GTGGACGGGCGGCGGATCGGCAAAGGCGA
GGCTCTGTGCTCGCGGGGCGGACGCGGTCT
CGGCGGT 
515766-L-bw-rakszewska
Processed on: 18-12-2017 PDF page: 84
                                                                                                                       
Chapter 3 
72 
sequences) MYC 5'acryditeTM /5’Acryd/TTGTAAGTTCCAGTGCAAAGTGCCC
GCCCGCTGCTATGGGCAAAGTTTCGTGGATG
CGGCAAGGGTTGCGGACCGCTGGCTGGGG
GATCA 
Synthetic 
RNA 
(fragment 
of ActB 
mRNA 
sequence) 
ACTB none rCrCrGrCrGrUrCrCrGrCrCrCrCrGrCrGrArGrCrAr
CrArGrArGrCrCrUrCrGrCrCrUrUrUrGrCrCrGrAr
UrCrCrGrCrCrGrCrCrCrGrUrCrCrArCrArCrCrCr
GrCrCrGrCrCrArGrCrUrCrArCrCrArUrGrGrArUr
GrArUrGrArUrArUrCrG 
 
Oligonucleotides are given in 5´-3´order. + symbol denotes the LNA bases, small letter r - 
RNA bases. 
 
 
Detection of 90 bp long DNA oligonucleotides covalently attached to CMHA-
SH for testing dynamic range of the method  
Experiments detecting 90 bp long DNA oligonucleotides attached to CMHA-SH 
were conducted as described above, with the following alterations. No Ribolock 
RNase inhibitor and RNase H were added, one pair padlock probe - detection 
probe was used. All omitted constituents were replaced by DEPC treated water. 
The DNA oligonucleotides were attached to thiolated carboxymethyl hyaluronic 
acid using AcryditeTM attachment chemistry (Integrated DNA Technologies) as 
described in Chapter 2. As a negative control either the padlock probe or 
Ampligase were omitted. 
Cross-contamination in hydrogel beads  
To verify the possible leakage of encapsulated RNA from hydrogel beads two 
beads populations were mixed just after production, before the emulsion was 
broken. One population comprised of beads modified with LNA primer and 
containing complementary synthetic RNA at a concentration of 0.5 μM. To prepare 
second bead population shortly before bead production Alexa fluor® 488 
maleimide (Life Technologies) was added to a concentration of 0.25 μM to CMHA-
SH modified with primer. After mixing of two population RNA detection was 
conducted as described above. 
Imaging and analysis  
For imaging few microliters of hydrogel bead suspension was pressed in-between 
two cover glass slides and imaged with an Olympus IX81 confocal microscope, 
equipped with an AndoriXon3 camera, Andor 400-series solid-state lasers, and a 
Yokogawa CSU-XI spinning disk unit. Images were collected as z-stacks at 
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intervals of 0.265 μm (65 planes in total, for experiments where one transcript was 
analysed) or 0.533 μm (33 planes per channel, for experiments in which two 
different transcripts were simultaneously analysed), to ensure that all spots were 
imaged. Analysis was performed using Fiji30 with the 3D object counter plug-in31 
and home written algorithm for assigning fluorescent spots to different beads. The 
3D object counter plug-in counts the number of 3D objects in a stack. The 
threshold value can be adjusted manually. If the counted objects were above each 
other but separated by more than 0.265 μm (or 0.533 μm depending on 
experiment) we were able to count them as separate spots. 
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4.1 Introduction 
First introduced in 2009, single-cell RNA sequencing (single-cell RNA-seq) 
methodologies are currently developing very rapidly and the major technological 
challenges faced by the field are being solved.1-3 Single-cell RNA sequencing 
allows identification and characterization of known cell types present in a 
population and the discovery of new subtypes.4-6 It also gives an insight into how 
gene-regulatory networks work on a single-cell level.7 
The first published protocols for single-cell RNA sequencing were 
characterized by low throughput caused by manual single cell-handling.1,8 
Employing microfluidics into single-cell RNA-seq protocols increases throughput of 
the method. The Fluidigm C1 microfluidic robotic platform is frequently used for 
preparing single-cell mRNA for sequencing. The downside of this method is that it 
may introduce cell size bias into the cell capture process as cell capture sites of 
the microfluidic devices are size and shape specific.2 Moreover, although higher in 
comparison to manual techniques, the throughput of the method is still limited to 
hundreds of cells. Performing single-cell RNA-seq with the help of droplet 
microfluidics allows for sequencing mRNAs from thousands of cells without cell 
size bias in capture.9-11 
Although single-cell RNA sequencing alone is a very powerful tool, only by 
combining it with other single-cell technologies scientists can gain full insight into 
processes occurring in individual cells. So far, single-cell RNA sequencing has 
been coupled with single-cell DNA sequencing12, single-cell DNA methylome 
sequencing13 and single-cell protein analysis14-17. 
Combining single-cell RNA sequencing with other single-cell technologies 
already yielded interesting discoveries. Dey and Kester et al. reported a method 
that allows the sequencing of genomic DNA and mRNA from the same cell without 
physical separation of the nucleic acids prior to amplification.12 The use of this 
method allowed authors to discover that genes with high heterogeneity in 
transcript numbers tend to have lower genomic copy numbers, and vice versa, 
suggesting that copy number variations may be responsible for part of the 
variability in gene expression among cells. 
Recently, poor correlation between protein and their corresponding mRNAs at 
the level of single cells was reported, with proteins more accurately defining 
responses to treatment.18 These findings highlight the need and importance for 
development of methods combining single-cell RNA sequencing with single-cell 
proteome analysis. Recently published methods combining single-cell RNA-seq 
with protein analysis are characterized by low throughput in proteome analysis.14-16 
Therefore, we have undertaken the task of developing a method for high 
throughput transcriptome and proteome analysis from single cells. We want to 
achieve it by combining inDrop (indexing droplets) RNA sequencing9 with single-
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cell protein quantification by staining with cleavable antibody-nucleic acid 
conjugates.17,19 Our method will allow for high throughput analysis of intracellular 
as well as cell surface proteins owing to fixation of the cells with membrane-
permeable fixatives, followed by staining with specific antibodies labelled with 
oligonucleotides bearing antibody-specific barcodes. 
 
 
 
 
Figure 4.1 Scheme of a platform for droplet barcoding for single-cell transcriptome and 
proteome analysis. First, cells labelled with antibody-nucleic acid conjugates (the 
oligonucleotides contain antibody-specific barcodes) are co-encapsulated into nanoliter 
droplets together with hydrogel beads bearing barcoding DNA primers. Once droplets are 
produced RNA is released from cells and oligonucleotides are cleaved off antibodies due to 
reducing conditions in droplets. Simultaneously primers are released from polyacrylamide 
beads by UV treatment. Next reverse transcription, that ensures indexing of the cDNA 
owing to a unique barcode sequence on the primers released from the hydrogel beads, can 
be carried in droplets. Subsequently the emulsion is broken and libraries can be prepared 
and sequenced. 
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We designed a workflow (Figure 4.1) that begins with crosslinking cells of 
interest and permeabilization of their membranes followed by staining of both 
intracellular and membrane proteins with antibody-nucleic acid conjugates. Cells 
pre-treated this way can be co-encapsulated with polyacrylamide hydrogel beads 
bearing barcoding DNA primers as described by Klein et al.9 The crosslinking of 
the cells is subsequently reversed (more detailed description of reversible-
crosslinking is provided in Chapter 5) and  oligonucleotides are cleaved off the 
antibodies. Then mRNA and the oligonucleotides are barcoded by a reverse 
transcription (RT). After barcoding the material from all the droplets is pooled 
together by breaking the emulsion. Subsequently the cDNA library can be 
prepared and sequenced by next-generation sequencing. In this chapter we 
provide the details of establishing an inDrop RNA sequencing platform in our lab. 
At the moment of writing we were performing initial validation experiments. 
4.2 Results and discussion 
4.2.1 Factors influencing polyacrylamide gel beads size 
In the platform developed by Klein et al., a library of barcoded polyacrylamide 
beads was used to ensure that each droplet carries primers encoding a single and 
unique barcode.9 The beads were co-encapsulated on-chip with cells and in an 
ideal situation each droplet should contain exactly one gel bead. To achieve this 
we, inspired by above mentioned study, used the property of deformable gel 
beads; while tightly packed during injection into a microfluidic device, they 
naturally order into a stream with regular spacing, providing a periodic flow of 
particles.20 
It is of high importance that the polyacrylamide beads bearing primers are 
monodisperse and do not differ by size between batches, as the success of beads 
encapsulation process using close-packed ordering depends on the size of the 
beads matching closely the channels dimensions as demonstrated by Abate et al. 
and our preliminary experiments (Figure 4.2a,b).20 Therefore we decided to 
investigate which factors influence size of produced hydrogel beads in order to 
gain control over the size of the hydrogel beads we produce. 
In order to produce hydrogel beads, an acrylamide:bis-acrylamide solution was 
emulsified on-chip (Figure 4.2c). The microfluidic device used to produce 
polyacrylamide beads was described previously by Klein et al.9 It has a flow-
focusing junction at which the continuous stream of aqueous phase is emulsified 
into monodisperse droplets, which were collected off-chip and polymerized into gel 
beads. After de-emulsification and washing the gel beads suspension was 
pipetted onto a glass slide for imaging. The size of the produced hydrogel beads 
was estimated by measuring their diameter. We investigated the influence of 
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channel height on the size of produced hydrogel beads by using different 
structures within one silicon wafer. The differences in the height of the channels 
imprinted onto the wafer were up to 3 μm. We produced droplets using devices 
with different channel height and measured diameter of ready hydrogel beads. 
The results are presented in Figure 4.3a. 
 
 
 
Figure 4.2 a-b) Encapsulation of close-packed hydrogel beads with sub-optimal sizes. a) 
Probability distribution of the number of gel beads per drop with diameter smaller (50 μm) 
than channel dimensions. 111 droplets were analysed. b) Photomicrograph of 
encapsulation of gel bead which size significantly exceeds the size of the channel, leading 
to clogging of the channel. c) Hydrogel beads generation. An aqueous acrylamide/bis-
acrylamide solution in most of the cases carrying acrydite-modified DNA oligonucleotide 
was emulsified using a microfluidic device to yield monodisperse droplets, which were 
collected off-chip and polymerized into hydrogel beads. Scale bars in (b) and (c) = 100 μm. 
 
 
 
Figure 4.3 Identification of factors influencing hydrogel beads size. a) Influence of channel 
height on the size of produced hydrogel beads. b) Influence of the time of crosslinking on 
the size of produced hydrogel beads. The red circles represent beads which did not contain 
acrydite-DNA, the blue circles - beads bearing DNA primers. One point on the graph 
corresponds to one experiment. For each data point 50 beads were measured. 
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Similarly, we performed experiments to verify the influence of the time of 
crosslinking of the gel beads at 65 °C and composition of the gel precursor mixture 
on the size of the produced hydrogel beads. The results are presented in Figures 
4.3b and 4.4.  
Based on performed experiments, we conclude that differences in channel 
height up to 3 μm and extending of the crosslinking time from 16 up to 21 hours do 
not have significant effect on the size of produced hydrogel beads. Presence or 
lack of acrydite-DNA within the gel precursor mixture does influence the size of 
beads produced thereof. The difference in size can be explained by the presence 
of long, charged oligonucleotides, which will increase the osmotic pressure inside 
the beads and lead to an overall swelling of the particles. Therefore we believe 
that hydrogel beads bearing DNA primers should be used in all tests, as beads 
without DNA are not a suitable replacement due to their different characteristic. 
Knowledge of factors influencing polyacrylamide gel beads size allows for reliable 
production of gel beads of desired size. 
 
 
 
Figure 4.4 Influence of composition of the gel precursor mixture on the size of hydrogel 
beads produced. One point on the graph corresponds to one experiment. For each data 
point 50 beads were measured. 
 
4.2.2 Quality control of a two-step enzymatic primer extension 
reaction and the release of primers from the hydrogel mesh 
In order to give polyacrylamide gel beds unique barcodes, acrydite-modified DNA 
primers were first covalently incorporated into the hydrogel mesh during beads
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Figure 4.5 a) Schematic overview of the ‘split-and-pool’ combinatorial barcoding approach. 
b) Scheme of primer extension reaction incorporating barcode sequences into DNA 
oligonucleotides covalently attached to polyacrylamide beads. (UMI - Unique Molecular 
Identifier; T7 RNAP - T7 RNA Polymerase, * = reverse complement sequence). 
Reproduced with permission from reference 8. The sequences of fully assembled DNA 
primer as well as W1*-bc1-PE1* and poly-A-UMI-bc2-W1* used in this study can be found 
in Materials and methods section of this chapter. 
 
 
 
Figure 4.6 Quality control of the two-step enzymatic primer extension reaction and the 
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release of primers from the hydrogel mesh. Electropherogram of barcoding primers 
photoreleased: 0 –  from hydrogel beads before the two-step enzymatic primer extension 
reaction; 1 - from hydrogel beads after the first primer extension step and conversion to 
single-stranded DNA (ssDNA); 2 – from hydrogel beads after the second primer extension 
step and conversion to ssDNA. The highest-molecular-weight peak (139 bases) represents 
the full-length barcoding primer. The lower band represents 103 base-long product. M 
stands for 1 kb marker. It is important to note that the ladder is double stranded and thus it 
cannot be used for estimating primer length. 
 
production. DNA primers on polymerized polyacrylamide gel beads were then 
barcoded using a combination of a split-and-pool method and a primer extension 
reaction, as described by Klein et al.9 and depicted in Figure 4.5. The acrydite-
modified DNA primers contained photo-cleavable linker, enabling their release 
from gel beads once they were co-encapsulated with cells. 
To validate the extension reactions and the release of primers from gel beads 
samples, they were exposed to UV light after completed combinatorial barcode 
synthesis and analysed by electrophoresis. The results are presented in 
Figure 4.6. The first primer extension reaction occurred with close to 100 % 
efficiency. The efficiency of the second extension reaction was only around 50 %. 
The reaction intermediates that did not undergo the first or second primer 
extension reaction can, however,  be efficiently removed via the 3′5′ exonuclease 
ExoI treatment as described by Zilionis et al.11 
4.2.3 Presence of surfactant in beads suspension is necessary 
for successful beads reinjection 
Our initial attempts to encapsulate polyacrylamide gel beads bearing DNA primers 
stored in a buffer without surfactant were unsuccessful. From this point onwards, 
 
 
Figure 4.7 Fraction of polyacrylamide beads forming clusters of two and more beads during 
injection into microfluidic device decreased with increased concentration of Triton X-100 in 
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the buffer used for beads washing. ~1000 droplets were analysed per sample, the fraction 
is shown as average ±SD. 
  
we stored as-produced polyacrylamide beads in TE buffer containing 0.1 % (v/v) 
Triton X-100. Keeping polyacrylamide gel beads after production in a buffer 
containing surfactant is sufficient to enable injection of gel beads into microfluidic 
device, even if a rinsing step with RT reaction buffer free of surfactant is 
performed. However, if surfactant-free buffer is used to wash the beads, a 
relatively large population of beads forms clusters of two or more beads during 
their injection into microfluidic device (Figure 4.7). To ensure that every droplet 
contains one and only one gel bead, the rinsing step prior encapsulation process 
using close-packed ordering, needs to be performed using a buffer containing 
surfactant. Addition of 0.05 % Triton X-100 to the wash buffer almost entirely 
prevents beads sticking to one another (Figure 4.7). Choosing the concentration of 
surfactant in the disperse phase is a trade-off between efficient single bead 
encapsulation and stability of the produced emulsion.  
4.2.4 Emulsion stability studies 
The integrity of emulsion during RT is crucial for ensuring no cross contamination 
between droplets and thereby guaranteeing single-cell analysis using droplet 
microfluidics. Therefore, the composition of the water phase must be adjusted not 
only with respect towards optimal reaction conditions, or optimal conditions for gel 
beads injection, but also the stability of the emulsion needs to be kept in mind. We 
tested a range of surfactants and surfactant concentrations in the dispersed and 
continuous phases (data not shown) to find an optimal balance between surfactant 
concentration in the water phase and droplets stability. We produced emulsions of 
desired compositions and performed all incubation steps of a standard reverse 
transcription reaction in droplets. 
  
 
 
Figure 4.8 Emulsion stability studies. Optical microscopy images of emulsion droplets 
prepared with 2.5 % (v/v) Picosurf in HFE-7500 as continuous phase and 0.05 % (v/v) of 
Triton X-100 solution as the water phase: a) immediately after production; b) after 2 hours 
at 50 °C; c) after 2 hours at 50 °C followed by 15 minutes at 70 °C. 
 
We observed that emulsions prepared with 2.5 % (v/v) Picosurf in HFE-7500 as 
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continuous phase and containing up to 0.05 % (v/v) of Triton X-100 in the water 
phase were stable for the duration of the experiment (2 hours 15 minutes) and at 
temperatures of a typical reverse transcription reaction in droplets (Figure 4.8). 
0.05 % (v/v) of Triton X-100 can therefore be added to the beads suspension (to 
enable efficient single-bead encapsulation) without compromising stability of the 
emulsion. 
4.2.5 Cell lysis in droplets 
In standard protocols for single-cell RNA sequencing, solutions containing 
relatively high surfactant concentrations are used as lysis agents.21,22 These 
amounts of surfactant in water phase are not compatible with droplet microfluidics 
as they would destabilize water-in-oil emulsion. Therefore we investigated if high 
temperature alone is sufficient to cause cell lysis. To test that, we encapsulated 
cells expressing green fluorescent protein (GFP) inside droplets, collected the 
droplets at the outlet and imaged them with confocal microscope. After passing 
through the device and being encapsulated in the droplets, unlysed cells appeared 
as compact, bright spots 10-15 μm in diameter (Figure 4.9a), while lysed cells 
appeared as diffuse green fluorescence filling the encapsulating droplet (Figure 
4.9b). We divided analysed droplets into 4 categories: empty droplets, droplets 
containing fluorescent cells, droplets containing non-transfected cells and 
fluorescent droplets. At room temperature almost 98 % of cells remained unlysed, 
as shown in Figure 4.9c. By contrast, when we incubated droplets at 50 °C for 2 
hours (standard temperature and incubation time for reverse transcription reaction) 
the majority of cells was lysed (Figure 4.9d). The efficiency of cell lysis is 
satisfactory. The percentage of lysed cells can be, however, further increased by 
adding small quantities of surfactant to the water phase (for example up to 0.05 % 
(v/v) of Triton X-100). The experiments on RNA release from fixed cells are 
described in Chapter 5. 
4.2.6 Cell and hydrogel co-encapsulation statistics 
We performed co-encapsulation of polyacrylamide gel beads bearing DNA primers 
with live (non-fixed), as well as reversibly crosslinked human epidermal stem cells. 
A suspension of cells, in phosphate buffered saline (PBS) with 16 % (v/v) density 
gradient solution (Optiprep), RT/reverse crosslinking mix and tightly packed 
polyacrylamide gel beads bearing DNA primers suspension were injected into a 
microfluidic flow-focusing device with 4 inlets for microdroplet generation as shown 
in Figure 4.10a. Merging of the aqueous streams just before droplet production 
ensures that reverse crosslinking occurs only once cells are in droplets and 
eliminates the risk of cross contamination. 
Droplets must contain at least one cell and one gel bead to produce a 
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barcoded library for sequencing, we call such droplets “productive” droplets. In 
order to decrease the population of droplets containing two and more cells to 5 %, 
we adjusted the concentration of cells in the injected suspension such that only 
around 10 % of produced droplets contained cells. We observed that over 90 % of 
productive droplets contained exactly one cell when live cells were used (Figure 
4.10b). In the case of fixed cells, over 70 % of productive droplets contained 
exactly one cell (Figure 4.10c). For the two types of cells used in our experiments, 
obtaining cells-in-droplet occupation of around 10 % of droplets required using 
different cell concentrations: 4 x 105 cells mL-1 for live cells and 2 x 106 cells mL-1 
 
 
 
Figure 4.9 Cell lysis in droplets. a-b) Confocal microscopy image of emulsion droplet 
containing: a) unlysed cell; b) lysed cell. Note that the image contrast settings are different 
in a and b. c-d) Plots representing cell lysis rate in droplets during 2 hours incubation at 
room temperature (a) and at 50 °C (b). Non-transfected cells were omitted from the graphs 
for clarity. Between 71 and 94 droplets were analysed per time point. Scale bars in (a) and 
(b) = 50 μm. 
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Figure 4.10 a) Cell and hydrogel beads co-encapsulation. b) Statistics of co-encapsulation 
of live cells with polyacrylamide hydrogel beads bearing barcoding DNA. Only productive 
droplets were included. c) Statistics of co-encapsulation of fixed cells with polyacrylamide 
hydrogel beads bearing barcoding DNA. Only productive droplets were included. Scale bar 
in (a) = 100 μm. For b) and c): n = 2 independent experiments, ~2000 droplets analysed per 
experiment in total, the fraction is shown as average ±SD. 
 
for fixed cells. This significant difference is probably caused by an increased 
tendency of reversibly crosslinked cells to form multicellular aggregates, which 
sediment faster, leading to an increased cell loss in the syringe used during 
encapsulation. The increased tendency to clumping of the fixed cells is also visible 
on the graphs showing cell and hydrogel co-encapsulation statistics, where the 
population of droplets containing two and more cells is bigger than Poisson 
distribution would suggest (Figure 4.10b,c). At this stage of method development 
process over 80 % for live cells and almost 70 % in case of fixed cells of 
productive droplets contained exactly one cell and one barcoded gel bead. In 
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order to keep the population of droplets containing two and more beads as small 
as possible we were continuously adjusting the flow rate of tightly packed 
polyacrylamide gel beads suspension during encapsulation in order to match it 
with the periodicity of the drop formation. 
In the future we plan to reduce cell loss in a syringe by using a different 
microfluidic setup employing pipette tips to deliver cells into the microfluidic 
device.23 To reduce the number of droplets containing two and more cells we are 
planning to pass the reversibly crosslinked cells through a fluorescence-activated 
cell sorter (FACS) before encapsulation. 
4.3 Conclusions 
We are able to produce barcoded hydrogel beads of desired size in a reproducible 
and controlled manner. We established that the presence of surfactant in bead 
suspensions is necessary for successful bead reinjection into microfluidic devices. 
Addition of 0.05 % (v/v) Triton X-100 to the bead suspensions prior to droplet 
production is sufficient to enable efficient single-bead encapsulation and it does 
not compromise the stability of the emulsion. Fixed cells behave differently in 
microfluidic channels than live cells. We are able to prepare emulsions in which 
over 80 % for live cells, and almost 70 % in case of fixed cells, of productive 
droplets contain exactly one cell and one barcoded gel bead. Moreover, we 
established that the incubation of droplets containing live cells at 50 °C for 2 hours 
is sufficient to cause lysis of the encapsulated cells. 
At the moment of writing of this thesis, the platform for droplet barcoding of 
single cells was ready for performing single-cell expression profiling validation 
experiments. Once the development process is finished, this platform for droplet 
barcoding may become the first method enabling high throughput simultaneous 
quantification of mRNA, intracellular as well as cell surface proteins from single 
cells. 
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4.5 Materials and methods 
Microfluidic devices fabrication 
Microfluidic devices were fabricated using combined photo and soft lithography in 
poly(dimethylsiloxane) (PDMS) (Dow Corning, Germany).24 A negative photoresist 
(SU-8 2025, Microchem Co., USA) was spin-coated onto the polished site of a 2 
inch silicon wafer (SI-MAT, Germany). A mask aligner (MJB3, Süss MikroTec, 
Germany) was used to imprint the microchannel structure of a transparent 
photomask (JD Phototools, UK) into the photoresist. At the end of the procedure 
the height of microchannels was measured with Dektak profilometer. A PDMS 
replica of the channel design was formed by pouring mixture of the PDMS 
oligomer and cross-linker in a ratio of 10:1 (w/w) on the silicon wafer bearing the 
microchannel structure and curing the homogeneous, degassed mixture at 65 °C 
for at least 2 h. Thereafter, access ports were bored into the soft replica with a 
biopsy needle (outer diameter: 1.0 mm, Pfm, Medical Workshop, USA), and the 
PDMS replica was bonded to a glass slide after oxygen plasma treatment (Femto, 
Diener electronic) and stored at 95 °C for 30 minutes. The channels were 
subsequently coated with 2 % v/v solution of 1H,1H,2H,2H-perfluoorooctyl-
trichlorosilane (Sigma-Aldrich) in FC-40 to render the channel surfaces 
hydrophobic, after which they were incubated at 95 °C overnight. After incubation 
at 95 °C the devices were stored at room temperature until used for droplet 
production. 
Synthesis of polyacrylamide beads 
Barcoded hydrogel beads were prepared as described by Klein et al. with minor 
modifications.9 First the gel precursor solution was emulsified into droplets using 
the simple, flow-focusing microfluidic chip designed and described by Klein et al. 
(Figure 4.2c).9 The composition of the dispersed phase was 10 mM Tris-HCl (pH 
7.6), 1 mM EDTA, 15 mM NaCl, 6.2 % (v/v) acrylamide, 0.18 % (v/v) 
bisacrylamide, 0.3 % (w/v) ammonium persulfate and 50 μM acrydite-modified 
DNA primer (Biolegio, The Nethelands). As a continuous phase fluorinated fluid 
HFE-7500 (3M) carrying 0.4 % (v/v) TEMED and 1.5 % (v/v) Pico-Surf™ 1 
(Sphere Fluidics) was used. The flow rates were 700 μL hr-1 for the aqueous 
phase and 900 μL hr-1 for the oil phase. Droplets were collected into a 1.5 mL 
Biopur® Safe-Lock tube (Eppendorf) under 200 μL of mineral oil to prevent 
evaporation and incubated at 65 °C overnight to allow polymerization of beads to 
occur. The resulting solidified beads were washed twice with 1 mL of 20 % (v/v) 
1H,1H,2H,2Hperfluorooctanol (Sigma-Aldrich) in HFE-7500 oil and twice with 1 mL 
of 1 % (v/v) Span 80 (Sigma-Aldrich) in hexane (Sigma-Aldrich) with 0.5-1 min 
incubation between each step and finally centrifuged at 5000 rcf for 30 s. After 
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final centrifugation the hexane phase was aspirated and the resulting pellet of 
beads was dissolved in 1 mL of TEBST buffer (10 mM Tris-HCl (pH 8.0), 137 mM 
NaCl, 2.7 mM KCl, 10 mM EDTA and 0.1 % (v/v) Triton X-100). To remove traces 
of hexane, the beads were washed three times with 1 mL TEBST buffer at 5000 
rcf for 30 s and finally resuspended in 1 mL TEBST buffer and stored at 4 °C. The 
size of the beads was verified by imaging them with a light microscope (IX71, 
Olympus) equipped with 20x objective lens and measuring their size in 
comparison to a grid using ImageJ software. 
Barcoding of polyacrylamide beads 
To equip polyacrylamide gel beads with barcoded primers, we used the two-step 
enzymatic extension reaction described by Klein et al.9 with minor modifications 
(Figure 4.5). First the beads were washed with home-made Bst polymerase buffer 
(Tris-HCl (pH 8.8) 20 mM, (NH4)2SO4 10 mM, KCl 50 mM, MgSO4 2 mM Tween-20 
0.1 %) as the bead storage buffer contains EDTA and this may negatively 
influence the polymerase. Then a 384-well plate was pre-loaded with 7.65 μl of 
nuclease free water. Subsequently 1.35 μL of 100 μM primer W1*-bc1-PE1* 
solution was added to each well containing water. Subsequently, 6 μL of reaction 
mix containing ~15625 hydrogel beads (carrying Ac-PC-T7p-PE1 primer), 2.5 x 
Bst buffer and 0.85 mM dNTP was added into each well (accounting ~6 x 106 
beads in total). After denaturation at 85 ºC for 2 min and hybridization at 60 ºC for 
20 min, 5 μL of Bst enzyme mix (1.8 U of Bst 2.0 and 0.3 mM dNTP in 1 x Bst 
buffer) was added. After incubation at 60 ºC for 60 min, the reaction was stopped 
by adding 20 μL of stop buffer into each well (100 mM KCl, 10 mM Tris-HCl, 
50mM EDTA, 0.1 % (v/v) Triton-X100) and incubated on ice for 30 min. Next, the 
beads were collected into a 50 mL tube, centrifuged at 1000 rcf for 2 min and 
washed three times with 50 mL of stop buffer containing 10 mM EDTA. To remove 
the second strand hydrogel beads were suspended in 20 mL of solution containing 
150 mM NaOH and 0.5 % (v/v) Brij 35P, and washed twice with 10 mL of solution 
containing 100 mM NaOH and 0.5 % (v/v) Brij 35P. The mixture was then 
neutralized with 30 mL of buffer (100 mM NaCl, 100 mM Tris-HCl,10 mM EDTA, 
0.1 % (v/v) Triton-X100) and washed once in 10 mL T10E10T0.1 buffer (10 mM Tris-
HCl, 10 mM EDTA, 0.1 % (v/v) Triton-X100) and twice in 10 mL T10E0.1T0.1 buffer 
(10 mM Tris-HCl, 0.1 mM EDTA, 0.1 % (v/v) Triton-X100) and finally beads were 
suspended in 1.3 mL of T10E0.1T0.1 buffer. 
For the second barcoding step we repeated the whole procedure replacing  
W1*-bc1-PE1* with  poly-A-UMI-bc2-W1*. 
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Validation of the two-step enzymatic primer extension reaction and the 
release of primers from the hydrogel mesh 
After completing combinatorial barcode synthesis as described above, hydrogel 
beads were exposed for 10 minutes to UV light. Samples taken from the UV-
treated hydrogel beads suspension  were separated via 2 % agarose gel 
electrophoresis. A standard 1 kb DNA ladder was loaded to the agarose gel next 
to the samples. The gels were prepared by dissolving the agarose in the TBE 
buffer. Electrophoresis  was  performed  at  120  V for 40 minutes. 
Cell preparation 
Primary pooled human keratinocytes (foreskin strain Knp) were obtained from 
Lonza. Cells were expanded and cultured as described previously.25 For 
experiments cells were harvested and resuspended at 2 x 106 cells mL-1. Cells for 
tests with live cells were subsequently spun down and resuspended in 10 % 
protein free blocking buffer (PFBB) in PBS at desired concentration. The cell 
suspension to be fixed was spun down and the cells were resuspended in sodium 
phosphate buffer (pH 8.4) at 4 x 106 cells mL-1.  
Immediately prior to the fixation 1 mM solution of two fixatives (DSP 
(dithiobis(succinimidyl propionate)) and SPDP (succinimidyl 3-(2-
pyridyldithio)propionate)) in sodium phosphate buffer was prepared in 15 mL tube 
by mixing the solution by pipetting up and down not more than 2 times. The 
solution was directly added to the cells and incubated at room temperature for 45 
minutes. After the incubation was completed the cells were washed with 5 mL of  a 
wash buffer containing 150 mM NaCl, 100 mM Tris (pH 7.5), 10 % PFBB in PBS 
for 5 minutes to quench the fixatives. Subsequently the cells were resuspended in 
10 % PFBB in PBS at desired concentration. 
Cell and hydrogel co-encapsulation 
To co-encapsulate cells with polyacrylamide gel beads bearing DNA primers 
emulsions were produced using droplet barcoding microfluidic device, 80 μm 
deep, which was designed and described by Klein et al.9. The AutoCAD files with 
channel designs were kindly provided by Dr. Linas Mazutis. The devices were 
fabricated as described in the section “Microfluidic devices fabrication”. The 
following mixtures were prepared preceding reinjection. 
Barcoded hydrogel beads were stored prior use in T10E0.1T0.1 buffer. Before 
loading onto the microfluidic chip, barcoded hydrogel beads were centrifuged at 
5000 rcf for 30 s and the buffer was removed. The beads were subsequently 
resuspended in 100 μl of 2x Maxima buffer containing 0.05 % (v/v) of Triton X-100 
and concentrated by centrifugation at 5000 rcf for 2 min. After removal of the 
supernatant, beads were concentrated for a second time to achieve a close 
515766-L-bw-rakszewska
Processed on: 18-12-2017 PDF page: 105
 Towards a platform for droplet barcoding for single-cell transcriptome and 
proteome analysis  
93 
packing and remaining supernatant was removed. Subsequently, beads were 
loaded directly into tubing connected to syringe filled with HFE-7500 for injection 
into the microfluidic device. 
Cells were encapsulated with an average occupancy of 1 cell in 5-15 droplets, 
by concentrating cell suspensions to ~4 x 105 for live cells and 2 x 106  for fixed 
cells . Cells were suspended in 1 x nuclease-free PBS with 16 % (v/v) density 
gradient solution Optiprep (Sigma) to prevent cell sedimentation in the syringe or 
other parts of the system. The cell suspension was supplemented with 1 % (v/v) 
bovine serum albumin (BSA).  
The composition of the RT/reverse crosslinking mix was as follows: 1x Maxima 
buffer, 1 mM dNTPs, 20 U μL-1 Maxima RT enzyme (ThermoFisher Scientific), 4 U 
μL-1  RNAsin RNAse inhibitor (Promega), 60 mM DTT. In case of experiments with 
living cells DTT was omitted. 
We used HFE-7500 fluorinated fluid (3M) as carrier oil with 2.5 % (v/v) Pico-
Surf™ surfactant. 
All mixtures (close packed beads, cell suspension, the RT/reverse crosslinking 
mix and oil) were injected simultaneously into droplet barcoding microfluidic 
device. Flow rates were 100 μL hr-1 for cell suspension, 100 μL hr-1 for RT/reverse 
crosslinking mix, 10–20 μL hr-1 for barcoded hydrogel beads, and 90 μL hr-1 for 
carrier oil to produce 4 nL drops. 
Emulsion stability studies 
To assess stability of emulsions with different compositions of water phase, 
emulsions were produced using droplet barcoding microfluidic device similarly as 
described above. Barcoded hydrogel beads were prepared as in standard protocol 
for cell and hydrogel co-encapsulation. For emulsion stability studies cell 
suspension was replaced with 16 % (v/v) Optiprep solution in PBS supplemented 
with 1 % (v/v) BSA. We also omitted Maxima RT enzyme, RNAse inhibitor and 
dNTPs in the RT/reverse crosslinking mix in order to reduce costs of the tests. 
Different concentrations of saponin, IGEPAL CA-630 and  Triton X-100 in the 
RT/reverse crosslinking mix were tested. 
Three different surfactants were used in the emulsion stability studies: Pico-
Surf™, home-made triblock copolymer surfactant (Krytox-Jeffamine-Krytox)26 and 
EA surfactant (RAN Biotechnologies). 
Flow rates were as described in section “Cell and hydrogel co-encapsulation”. 
The emulsions were collected under mineral oil in a well plate containing small 
amount of surfactant in oil solution. The well plates were used in place of 
Eppendorf tubes in order to be able to directly image emulsion in the collection 
vessel and avoid pipetting of emulsion. 
Emulsion stability was verified by imaging with a light microscope (IX71, 
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Olympus) at different time points during 2 h incubation at 50 °C, followed by 15 
minutes incubation at 70 °C. 
GFP-based cell lysis assay in droplets 
To test lysis efficiency in droplets we used modified assay developed by de Lange 
et al.27 First, HEK293T were transfected by lipofection with pmaxGFPTM plasmid 
coding for maxGFP (turboGFP). Cells were left in culture for 72 hours before 
harvesting. Cells were prepared and encapsulated in droplets as described above. 
Barcoded hydrogel beads, Maxima RT enzyme and RNAsin RNAse inhibitor were 
omitted from the water phase of the emulsions. Droplets were subsequently 
incubated for 2 hours at 50 °C or at room temperature. Next, droplets were loaded 
onto glass slides and single layers were imaged using an Olympus IX81 confocal 
microscope, equipped with an AndoriXon3 camera, Andor 400-series solid-state 
lasers, and a Yokogawa CSU-XI spinning disk unit in bright field and fluorescence 
modes. Bright field and fluorescence images were analysed using ImageJ by 
selecting a threshold such that droplets or cells appeared as disconnected areas 
on a dark background. Small fluorescent spots corresponded to intact cells with 
localized fluorescence. In droplets containing lysed cells, the cell lysate diffuses 
into the encapsulating droplet, making the entire droplet fluorescent. 
 
Table 4.1 Oligonucleotides sequences 
All oligonucleotides were purchased from Biolegio (The Nethelands). 
 
In the text 
referred to 
as: 
Modificati
on 
Sequence 
Hydrogel 
incorporat
ed 
DNA 
Primer 
(Ac-PC-
T7p-PE1) 
5'acryditeTM /5’Acryd/iSpPC/CGATGACGTAATACGACTCACTAT
AGGGATACCACCATGGCTCTTTCCCTACACGACG
CTCTTC-3’ 
Barcode 1 
(W1*-bc1-
PE1*) 
none AAGGCGTCACAAGCAATCACTC0987654321AGAT
CGGAAGAGCGTCGTGTAGGGAAAGAG 
Barcode 
2/UMI 
(poly-A-
UMI-bc2- 
W1*) 
none BAAAAAAAAAAAAAAAAAAANNNNNN0987654321A
AGGCGTCACAAGCAATCACTC 
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Fully 
assembled 
DNA 
primers 
5'acryditeTM /5’Acryd/iSpPC/CGATGACGTAATACGACTCACTAT
AGGGATACCACCATGGCTCTTTCCCTACACGACG
CTCTTCCGATCT1234567890GAGTGATTGCTTGT
GACGCCTT1234567890NNNNNNTTTTTTTTTTTTT
TTTTTTV 
 
Oligonucleotides are given in 5´-3´order. 
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5.1 Introduction 
The genomic and transcriptomic data that scientists generate, as well as the 
methods and the equipment they use to conduct analysis of genomes and 
transcriptomes are nowadays so complex that collaboration often becomes a 
necessity. In order to transport samples to another laboratory, or to pool cells from 
several culture conditions, there is a need for reliable methods to preserve cells 
and tissue constituents without changing their molecular profile. Droplet 
microfluidic technology also becomes increasingly powerful tool for single-cell 
analysis, which makes droplet microfluidic protocols more and more complex. A 
systematic study into the effects of handling living cells in microfluidic channels 
prior to transcriptome analysis on its outcome is lacking. We hypothesize that in 
order to reduce the bias caused by cell handling it could be beneficial to arrest 
cells in their states right after harvesting by fixing them and only then injecting 
them into channels of a microfluidic device. 
Additionally, fixing cells prior to analysis with a suitable fixative would enable 
simultaneous analysis of not only mRNA but also intracellular and cell surface 
proteins from single cells by employing antibody-nucleic acid conjugates 
(described in more details in Chapter 4). It is important to study transcriptome and 
proteome of single cells simultaneously, as protein and their corresponding mRNA 
levels not always correlate in individual cells. Moreover, proteins often define 
responses to treatment more accurately.1 
There are many well-established methods of cell fixation, which are compatible 
with antibody-based protein profiling.2,3 RNA profiling from fixed cells, however, 
remained a major challenge to scientists for a long time. Retrieving high-quality 
RNA from cells fixed with formaldehyde, the most commonly used fixative, proved 
to be particularly problematic.4-6 Formaldehyde is believed to introduce mono-
methylol groups (CH2OH) in all four bases of RNA at different rates and cause 
dimerization of some adenine residues through methylene bridging.7 Those 
chemical modifications of RNA combined with its susceptibility to degradation can 
interfere with downstream RNA analysis from formaldehyde fixed cells, often 
making it impossible.5,8,9 Modifications to traditional paraformaldehyde fixation 
methods10 and to RNA extraction techniques11-13 that enable mRNA purification 
and transcriptome profiling of fixed cells without compromising data quality in 
comparison with live cells, even from single cells, were recently developed.11 
There is multiple experimental evidence that non-crosslinking alcoholic 
reagents perform better as nucleic acid fixatives than formaldehyde, because they 
do not lead to chemical modification of nucleic acids.5,14,15 Successful use of 
methanol fixed cells in droplet-based single-cell RNA sequencing was recently 
reported.16  
Although methanol fixation is known to yield high quality nucleic acids, it has 
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been repeatedly reported that it can affect immunofluorescence staining of some 
intracellular antigens.17-19 These facts, together with ambivalent literature results 
concerning RNA retrieval from formaldehyde fixed cells, lead us to the decision to 
seek an alternative fixation method. To develop a platform allowing single-cell 
RNA-seq and simultaneous quantification of both intracellular and membrane 
proteins, we needed to use a cell fixation method which not only will preserve the 
integrity of RNA but will as well meet the following criteria: i) detection antibodies 
cannot lose the affinity to proteins of interest in the course of the fixation; ii) the 
fixatives must act not only on surface proteins but on intracellular proteins as well, 
as we are interested in studying intracellular pathways and iii) the process needs 
to be reversible so that it does not interfere with RNA release from single cells in 
droplets.  
We decided to employ a combination of DSP (dithiobis(succinimidyl 
propionate)) and SPDP (succinimidyl 3-(2-pyridyldithio)propionate) (Figure 5.1), 
commonly used protein cross-linkers,20 similarly as described by Xiang et al.6 DSP 
and SPDP are membrane permeable molecules. They therefore ensure 
crosslinking of surface as well as intracellular proteins. They both contain N-
hydroxysuccinimide (NHS) esters which are reactive towards primary amines. 
SPDP contains also sulfhydryl reactive 2-pyridyldithio group. Sulfhydryls are 
present in most proteins as they are part of the side-chains of cysteines. DSP and 
SPDP both contain disulfide bonds in their spacer arms which can be easily 
cleaved by dithiothreitol (DTT) or tris(2-carboxyethyl)phosphine (TCEP), providing 
therefore reversible crosslinking. Moreover, high quality RNA was previously 
reported to be retrieved from cells fixed with DSP.6  
 
 
 
Figure 5.1 The chemical structure of (a) DSP and (b) SPDP. Disulfide bonds in the spacer 
arms are marked in red. 
 
In this chapter we describe the validation of DSP/SPDP-fixed cells as a 
material for expression profiling experiments in droplets. We also report an initial 
attempt to answer the question whether DSP/SPDP fixation prior to RNA 
sequencing prevents potential bias caused by extended cell handling. 
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5.2 Results and discussion 
5.2.1 Gene expression levels correlate well between live and 
DSP/SPDP-fixed cells 
Preliminary bulk tests showed that, RNA released by DTT treatment from 
DSP/SPDP-fixed cells yields higher qPCR signals than RNA isolated from 
formaldehyde fixed cells in reverse transcription (RT) (J. P. Gerlach, unpublished 
data). In order to assess whether DSP/SPDP-fixed cells are suitable material for 
RNA sequencing we fixed cells in 1 mM solutions of the two fixatives in sodium 
phosphate buffer [pH 8.4] for 45 minutes. We isolated RNA from cells by standard 
TRIzol® extraction, prepared libraries using the Cell Expression by Linear 
amplification and Sequencing (CEL-Seq2)21 method (100 pg of purified RNA was 
used per sample), and sequenced the samples. The most important features of 
CEL-Seq2 that influenced our decision to select this particular library preparation 
strategy are: i) the use of in vitro transcription for the amplification of mRNA, which 
is more sensitive method and yields more reproducible and linear results than 
PCR-based amplification methods; ii) 3’ end tagging enabling accurate estimation 
of expression levels without having to account for gene length and iii) the use of 
unique molecular identifiers (UMI) enabling each reverse-transcribed and amplified 
mRNA to be counted exactly once.21,22 The complete workflow of CEL-Seq2 
procedure is presented in Figure 5.2. 
 
 
 
Figure 5.2 Workflow of the CEL-Seq2 method on bulk samples. First purified mRNA is 
reversibly transcribed to cDNA using primers containing UMIs, Illumina 5’ adaptor and T7 
promoter. After second-strand synthesis RNA is synthesised by in vitro transcription (IVT). 
The amplified RNA is then fragmented, purified and reverse transcribed. The Illumina 3’ 
adaptor is introduced during the RT as a tail attached to a random hexamer. Next only the 
molecules with both Illumina adaptors are selected by PCR and the DNA library is 
sequenced with paired-end reads. 
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Gene expression profiles we obtained were highly correlated between libraries 
prepared from live and fixed cells (Figure 5.3a). Pearson correlation coefficient (R) 
of the analysed samples equals 0.94. We may, therefore, conclude that 
DSP/SPDP fixation does not introduce bias in mRNA sequencing of bulk samples. 
Also technical replicates, corresponding to two samples collected from one batch 
of fixed cells showed very high reproducibility (R = 0.95, Figure 5.3b). According to 
literature recommendations R2 (coefficient of determination) of technical replicates 
should be higher than 0.9.23 It means that the data generated from DSP/SPDP-
fixed cells is of sufficient quality to provide reliable and reproducible results 
according to best practices for RNA-seq data analysis. 
 
 
 
Figure 5.3 Fixed cells perform well in bulk transcriptome profiling. a) Pairwise correlation 
between libraries prepared from live and fixed cells. b) Technical reproducibility of 
sequencing of fixed cells. Comparison of data from bulk sequencing experiments. The data 
are plotted as log2 of (number of transcripts +1). Above the graphs the Pearson correlation 
coefficients are specified. 
 
5.2.2 Preservation of DSP/SPDP-fixed cells 
In order to test whether the DSP/SPDP fixation method allows to postpone the 
sample processing in time without compromising the quality of generated results, 
we harvested cells and fixed half of them. The two populations of cells were 
incubated on ice. At several time points following the initiation of the incubation, 
RNA was extracted from cells, libraries generated and sequenced. We used 
complexity (number of transcripts detected) of the libraries prepared from 
incubated cells as an estimate of their quality. Such estimation is justified as the 
amount of starting material (ng of RNA in reaction mixture) was identical for 
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all the samples. 
 
 
 
Figure 5.4 a-b) Average number of transcripts detected in libraries prepared from fixed (a) 
and live (b) cells following incubation on ice. At several time periods following the initiation 
of the incubation (0, 30 min, 1 h, 2 h, 6 h and overnight) RNA was extracted from cells, 
libraries generated and sequenced. Error bars indicate standard deviation of two technical 
replicates; one-way ANOVA (P = 0.49 and P = 0.33, respectively). c) Pairwise correlation 
between libraries prepared from fixed cells from which the RNA was extracted immediately 
after fixation and fixed cells from which the RNA was extracted following an overnight 
incubation. d) Pairwise correlation between libraries prepared from cells that underwent 
lysis and RNA extraction immediately after harvesting and following an overnight 
incubation. c-d) The data are plotted as log2 of (number of transcripts +1). Above the 
graphs, the Pearson correlation coefficients are specified. The final UMI-filtered counts 
were sub-sampled to equalize the sequencing depth of all the samples. 
 
No significant drop was observed in the number of transcripts, which were 
identified in the libraries prepared from fixed cells stored overnight at 4 °C, in 
comparison to libraries prepared immediately after fixation (Figure 5.4a). The 
average number of transcripts identified in the libraries prepared from live (non-
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fixed) cells stored overnight at 4 °C decreases slightly in time. The obtained 
values, however, are not significantly different from the values for libraries 
prepared immediately after harvesting (Figure 5.4b). The gene expression profiles 
generated from cells stored overnight correlated slightly better with the profiles 
from samples processed without any delay in case of fixed cells (Figure 5.4c-d). 
Fixation is necessary in experiments analysing both transcriptomes and 
proteomes of single cells, to enable intracellular antibody staining. However, 
based on available, relatively sparse, experimental data, we cannot conclude that 
using DSP/SPDP-fixed cells has a clear advantage over using live cells if the 
experiments analysing only mRNA are performed on the same day as the cell 
harvesting. 
 
 
 
Figure 5.5. a) Average number of transcripts detected in libraries prepared from fixed cells 
following incubation at 4 °C. At several time periods following the initiation of the incubation 
(0, 1, 3 and 7 days) RNA was extracted from cells, libraries generated and sequenced. 
Error bars indicate standard deviation of two technical replicates; one-way ANOVA (P = 
0.037), followed by post hoc t-test compared to samples processed right after fixation  (* = 
P < 0.05). b-c) Pairwise correlation between libraries prepared from fixed cells from which 
the RNA was extracted immediately after fixation and b) fixed cells from which the RNA was 
extracted following 3 days incubation; c) fixed cells from which the RNA was extracted 
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following 7 days incubation. The data are plotted as log2 of (number of transcripts +1). 
Above the graphs the Pearson correlation coefficients are specified. The final UMI-filtered 
counts were sub-sampled to equalize the sequencing depth of all the samples. 
 
We also tested whether fixed cells can be stored for longer periods of time 
without compromising the quality of libraries prepared from those cells. In order to 
address this question we fixed cells and stored them at 4 °C for 1 day, 3 days, or a 
week. As shown in Figure 5.5a in libraries generated from fixed cells stored up to 
three days the number of transcripts detected was the same as in libraries from 
freshly fixed cells. Gene expression profiles from samples stored for 3 days were 
well correlated with the results from samples processed right after fixation 
(Pearson correlation coefficient of 0.92, Figure 5.5b). After a week of storage, 
however, we observed a big drop in the number of identified transcripts. Gene 
expression profiles from samples stored for a week also do not correlate well with 
results from samples processed right after fixation (Pearson correlation coefficient 
of 0.60, Figure 5.5c). DSP/SPDP-fixed cells seem to be stable for up to 3 days 
while stored at 4 °C. Methanol fixed cells stored for up to 20 weeks were reported 
previously to yield reproducible Drop-seq results.16 However, direct comparison 
between those two methods is not possible as methanol fixed cells were stored at 
-80 °C, which is feasible thanks to the low freezing point of methanol (-97.6 °C). 
To further verify the integrity of DSP/SPDP-fixed cells and their mRNA after 3 days 
storage, single-cell experiments need to be performed.  
5.2.3 Reverse crosslinking of fixed cells in droplets 
To test reverse crosslinking of cells in droplets, we encapsulated fixed cells 
expressing GFP inside droplets using a microfluidic device described in Chapter 4, 
collected the droplets at the outlet and imaged them with confocal microscope. 
After passing through the device and being encapsulated in the droplets, intact 
cells appeared as compact, bright spots 10-15 μm in diameter (Figure 5.6a), while 
cells in which the crosslinking was reversed appeared as diffuse green 
fluorescence filling the encapsulating droplet (Figure 5.6b). We divided analysed 
droplets into 4 categories: empty droplets, droplets containing fluorescent cells, 
droplets containing non-transfected cells and fluorescent droplets. At room 
temperature, almost all cells remained intact during 3 hours of incubation, as 
shown in Figure 5.6c. Incubation of droplets at room temperature for an hour, 
followed by 2 hours at 50 °C (standard temperature and incubation time for 
reverse transcription reaction), caused release of cellular content in only around 
13 % of cells (Figure 5.6d). As opposed to the results obtained in the experiments 
with live cell described in Chapter 4, incubation at high temperature is not an 
efficient way of lysis of crosslinked cells. Addition of 30 mM of DTT to the water 
phase, however, led to almost immediate reverse crosslinking of virtually all the 
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encapsulated cells (Figure 5.6e). Therefore we conclude that DTT-facilitated 
cleavage of the disulfide bond in the spacer arm of cross-linkers used for fixation is 
an efficient method of reversing the crosslinking process in droplets. Addition of up 
to 60 mM of DTT to the water phase was tested and no negative influence on the 
quality of emulsion was found (data not shown).  
 
Figure 5.6 Reverse crosslinking of fixed cells in droplets. a-b) Confocal microscopy image 
of emulsion droplet containing: a) fixed cell; b) cell in which the crosslinking has been 
reversed. Note that the image contrast settings are different in a and b. c) Plots 
representing reverse crosslinking rate in droplets free of DTT during 3 hours incubation at 
room temperature. d) Plots representing reverse crosslinking rate in droplets free of DTT 
during one hour incubation at room temperature followed by two hours incubation at 50 °C 
e) Plots representing reverse crosslinking rate in droplets containing 30 mM of DTT during 
one hour incubation at room temperature followed by two hours incubation at 50 °C. c-e) 
Non-transfected cells were omitted from the graphs for clarity. Between 74 and 114 droplets 
were analysed per time point. Scale bars in (a) and (b) = 50 μm. 
 
5.2.4 RT in droplets 
Our initial results indicate that mixture of DSP and SPDP is a suitable fixative for 
RNA analysis, but are DSP/SPDP-fixed cells suitable material for RNA barcoding 
in droplets? 
To verify the performance of the first step leading to preparation of libraries for 
single-cell RNA sequencing, RT on reversibly crosslinked cells in droplets, we co-
encapsulated live as well as fixed cells with a population of polyacrylamide 
hydrogel beads bearing identical bead barcodes. The microfluidic setup is 
described in Figure 5.7. Subsequently, we exposed emulsions to UV light in order 
to release primers. Next, we incubated samples to allow reverse transcription 
reactions to occur and de-emulsified the samples. We decided to perform qPCR
515766-L-bw-rakszewska
Processed on: 18-12-2017 PDF page: 120
                                                                                                                       
Chapter 5 
108 
 
 
Figure 5.7 General experimental workflow of inDrop procedure tests. First, live or fixed cells 
were co-encapsulated into nanoliter droplets together with hydrogel beads bearing identical 
bead barcodes. Once droplets were produced, RNA was released from fixed cells due to 
reducing conditions in droplets or, in case of live cells, by means of thermal lysis. 
Simultaneously, primers were released from polyacrylamide beads by UV treatment. Once 
the reverse transcription in droplets was completed, the emulsions were broken. 
 
 
 
Figure 5.8 Quantitative PCR analysis of water phase after RT reaction in droplets. Graphs 
show results for: a) live cells and b) fixed cells cell without (−) and with (+) combined 
treatment with RNase H and Exonuclease I. Levels of the different mRNA signals (2−Ct)  are 
plotted relative to the levels for the sample not treated with RNase H and Exonuclease I. 
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Error bars indicate standard deviation of three technical replicates. 
 
on the obtained water phase to assess RT performance in droplets by measuring 
to which extent genomic DNA (gDNA) contributes to the qPCR signals. If the 
majority of measured qPCR signal could be attributed to gDNA it would indicate 
that RT in droplets was not efficient. Two aliquots from each emulsion RT sample 
were taken: one of the aliquots was treated with RNAse H and Exonuclease I (Exo 
I) prior to qPCR. Such combined treatment leads to degradation of the DNA/RNA 
duplex generated by RT, so no cDNA can be amplified in the course of the 
subsequent qPCR. gDNA is not affected by the treatment. We used qPCR on 3 
arbitrarily chosen genes as a readout. The significant decrease in qPCR signals 
measured for the treated samples indicates that the majority of the signal from the 
untreated samples can be attributed to cDNA (Figure 5.8). Based on this finding, 
we can conclude that RT on reversibly crosslinked single cells performs well in 
droplets. 
5.2.5 Libraries prepared from cells barcoded in droplets 
To assess the quality of libraries prepared from cells barcoded in droplets, we co-
encapsulated cells with a population of hydrogel beads bearing identical bead 
barcodes as shown in Figure 5.7. Subsequently we prepared libraries from the 
obtained material and sequenced them. 
 
 
 
Figure 5.9 BioAnalyzer electropherogram of sequencing-ready DNA library prepared from 
fixed cells barcoded in droplets. Peaks at 35 bp, and 10,380 bp are gel migration markers. 
 
As suggested in the literature, DNA electropherograms of final libraries are 
reproducible among samples, and may serve as an estimate of library quality. A 
successful library should be distributed between 200 and 2,000 bp, with an 
average fragment size between 400 and 600 bp according to Zilionis et al.24 DNA 
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electropherograms prepared from both fixed (Figure 5.9) and live cells (data not 
shown) using the platform established in our lab show the desired distributions. 
 
 
 
Figure 5.10 Distribution of the reads in libraries prepared from encapsulated living and fixed 
cells. (n = 3, the fraction is shown as average ±SD) 
 
 
 
Figure 5.11 Gene expression levels correlate well between live and DSP/SPDP fixed cells. 
Pairwise correlation between libraries prepared from encapsulated live and fixed cells. The 
data are plotted as log2 of (number of transcripts +1). Above the graph the Pearson 
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correlation coefficient is specified. Comparison involves RNA derived from one cell harvest. 
 
The first major data processing step in sequencing studies for species with a 
reference genome is the alignment of sequencing reads to the reference. The 
percentage of reads mapped to the reference genome is a good estimate of the 
performance of the method. A higher percentage of reads mapped also means 
lower costs of sequencing. Sequencing of the libraries prepared from 
encapsulated living and fixed cells generated reads with barcodes of which on 
average 66.6 % and 68.8 %, respectively were mapped to the reference genome 
(Figure 5.10). The values we obtained are lower than reported for CEL-Seq2 
which yielded 93.8 % mapping of the reads with barcodes21, but higher than 
reported for the CEL-Seq (60.9 % mapping of the reads with barcodes)22 and for 
the original inDrop (indexing droplets) platform (~30 % mapping of the reads with 
barcodes).25  
Finally, gene expression profiles obtained from cells barcoded in droplets were 
highly correlated between libraries prepared from live and fixed cells (Pearson 
correlation of 0.94, Figure 5.11). These results indicate that handling living cells 
within microfluidic setup necessary for barcoding does not introduce bias in mRNA 
sequencing results.  
Taken together, our data suggests that the platform for barcoding single-cells 
established in our lab performs well. We were able to prepare good quality 
libraries from cells barcoded in droplets. The next step would be to perform the 
analysis described above with the use of hydrogel beads bearing unique bead 
barcodes to assess the quality of single-cell libraries generated from single-cells 
barcoded in droplets; this, unfortunately, is beyond the scope of this thesis. 
5.3 Conclusions 
The initial experiments suggest that DSP/SPDP-fixed cells can be stored at 4 °C 
up to 3 days without compromising the quality of libraries prepared from those 
cells. Moreover, DSP/SPDP crosslinking can be efficiently reversed in droplets by 
incubation with 30 mM of DTT. 
Based on the preliminary results described above, we can also conclude that 
cells fixed by a mixture of DSP and SPDP are suitable material for expression 
profiling experiments in droplets. However, experiments described in the sections 
5.2.4 and 5.2.5 do not provide information about expression profiles of individual 
cells. Therefore, more experiments are needed to confirm if single-cell barcoding 
for subsequent analysis by next-generation sequencing is possible and efficient 
using DSP/SPDP-fixed cells. 
DSP/SPDP-fixed cells will be used in further development of the platform for 
droplet barcoding for single-cell transcriptome and proteome analysis. 
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5.5 Materials and methods 
General experimental details 
Microfluidic devices fabrication, general microfluidic experimental setup, synthesis 
of barcoded hydrogel beads and cell preparation were performed as described in 
Materials and Methods section of Chapter 4. 
Bulk reverse transcription 
RNA was purified using standard TRIzol® purification method. The bulk RT 
reaction were carried under 7 μl of Vapor-Lock for 5 min at 4 °C, followed by 10 
min at 25 °C and 1 hr at 50 °C with 100 pg of purified RNA, 4 nmol of dNTP, 20 U 
of Maxima RT enzyme (ThermoFisher Scientific) and 4 U of RNAsin plus RNAse 
inhibitor (Promega) per reaction in 1x Maxima RT buffer. The reaction was 
terminated by o 5 minutes incubation at 85 °C. 
Library preparation 
The water phase from broken emulsion or bulk samples containing cDNA:RNA 
hybrids was purified  using AMPure XP Beads prior to second strand synthesis. 
Second strand synthesis was carried in 1x Second strand buffer (Invitrogen) with 
0.2 pmol μl-1 dNTPs, 0.3 U μl-1 of  DNA Polymerase I (E. coli, NEB),  0.1 U μl-1 
DNA ligase (E. coli, NEB), 0.1 U μl-1 RNase H (Ambion) for 2 hours at 16 °C in 
thermal cycler with unheated or open lid. Second purification step with AMPure XP 
Beads was performed after the second strand synthesis. Subsequently in vitro 
transcription was carried using Ambion kit. Next, in order to remove primers a 
combined treatment with recombinant Shrimp Alkaline Phosphatase (rSAP) and 
Exonuclease I was performed with 0.03 U μl-1 rSAP and 0.6 U μl-1 Exo I for 20 min 
at 37 °C. aRNA was subsequently purified using AMPure XP Beads. The RNA 
quality and size were assayed using Experion RNA HighSens Analysis Kit (Bio-
Rad). We quantified RNA using Qubit RNA Assay Kit (Invitrogen). 
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In order to prepare libraries aRNA was first pre-incubated with random octamer 
primer and dNTPs at concentrations 0.7 pmol μl-1 and 1.4 pmol μl-1 respectively for 
5 minutes at 65 °C and subsequently reversibly transcribed by adding 10 U μl-1 
Maxima RT enzyme and 2 U μl-1 RNasin® Plus RNase Inhibitor and incubating for 
10 min at 25 °C, followed by 60 minutes at 50 °C and 5 minutes at 85 °C. Next 
cDNA was amplified and 2 size selection steps were performed using AMPure XP 
Beads. We quantified DNA using Qubit dsDNA High Sensitivity Assay Kit 
(Invitrogen). The DNA size distribution was analysed with High Sensitivity DNA 
Chip (Agilent) on a Bioanalyzer 2100. 
Sequencing data analysis 
The libraries were sequenced with the NextSeq500 (Illumina). Mapping was 
performed using Bowtie2 alignment algorithm.26 The CEL-Seq2 pipeline (available 
at: https://github.com/yanailab/CEL-Seqpipeline) was used for the data analysis.21 
GFP-based cell lysis assay in droplets 
To test reverse crosslinking of cells in droplets we used modified assay developed 
by de Lange et al.27 First HEK293T were transfected by lipofection with 
pmaxGFPTM plasmid coding for maxGFP (turboGFP). Cells were left in culture for 
72 hours before harvesting. Cells were then fixed and encapsulated in droplets as 
described in Chapter 4. Barcoded hydrogel beads, Maxima RT enzyme and 
RNAsin RNAse inhibitor were omitted from the water phase of the emulsions. 
30mM was added to the water phase to facilitate cleavage of disulphide bonds in 
the spacer arms of DSP and SPDP. Droplets were subsequently incubated for an 
hour at room temperature followed by 2 hours at 50°C. Next, droplets were loaded 
onto glass slides and single layers were imaged using an Olympus IX81 confocal 
microscope equipped with an AndoriXon3 camera, Andor 400-series solid-state 
lasers, and a Yokogawa CSU-XI spinning disk unit. Bright field and fluorescence 
images were analysed using ImageJ by selecting a threshold such that droplets or 
cells appeared as disconnected areas on a dark background. Small fluorescent 
spots corresponded to intact cells with localized fluorescence. In droplets 
containing cells in which the crosslinking was reversed, the cell lysate diffuses into 
the encapsulating droplet, making the entire droplet fluorescent. 
Barcoding of hydrogel beads 
The two-step enzymatic extension reaction aimed at equipping polyacrylamide gel 
beads with barcoded primers was performed as described in Chapter 4 with one 
major modification. All the beads used in experiments described in this chapter 
bore identical cellular barcodes (Figure 4.5, barcode1 and barcode 2). This was 
achieved by carrying out the two-step enzymatic extension reaction in one well 
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with only one of 384 W1*-bc1-PE1* primers and one of 384 poly-A-UMI-bc2-W1* 
primers. 
Barcoding of mRNA inside droplets 
After co-encapsulation of cells with polyacrylamide gel beads bearing DNA 
primers, the primers were released by 380 s UV exposure (365 nm at 12.5 
mW/cm2 with 60 DUV/MUV/ Near UV Exposure System UVP). Next, the tube was 
incubated at room temperature for an hour to allow reverse crosslinking to occur. 
After subsequent 2 hours incubation at 50 °C reverse transcription was terminated 
by heating for 15 min at 70 °C. The emulsion was then cooled on ice for 1 min and 
demulsified by adding 1 volume of PFO solution (20 % (v/v) 1H,1H,2H,2H-
perfluorooctanol and 80 % (v/v) HFE-7500). The aqueous phase from the broken 
droplets was transferred into a separate Biopur® Safe-Lock tube and  centrifuged 
at 4 °C for 15 minutes at 14000 rcf to pellet cell debris and gels. Subsequently the 
water phase was transferred to a new tube and stored at -20 °C until further 
processing. 
Combined RNase H and Exonuclease I treatment 
10 μl of water phase from broken emulsion after performing reverse transcription 
reaction in droplets, 20 U of Exo I (NEB) and 10 U RNase H (Ambion) was used 
per reaction (in 1x Exo I  buffer). Reactions were carried out for 20 minutes at 
37 °C followed by 20 minutes at 80 °C. Subsequently quantitative PCR was 
performed (20 μL/reaction, iQTM SYBR Green Supermix, CFX 96 machine). The 
average and standard deviation of 3 replicates was calculated. Signals were 
plotted relative to the signal for the sample not treated with RNase H and 
Exonuclease I. 
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6.1 Future perspectives 
The research presented in this thesis focused on the application of droplet 
microfluidics in single-cell transcriptomics. We attempted to use droplet 
microluidics’ features to develop improved, high-throughput, cost-effective 
methods, which would allow us to study heterogeneity in cell populations. In this 
chapter the results are put in context of the field and several challenges are 
indicated that should be addressed for this research to move forward. 
6.1.1 Quantitative single-cell mRNA analysis in hydrogel beads 
To perform the whole protocol for quantitative single-cell mRNA analysis in 
hydrogel beads described in Chapter 3, from preparation of the primer-loaded 
hyaluronic material until counting of fluorescent spots, ~37 hours are necessary. 
The detailed timeline is presented in Figure 6.1. The workload is comparable with 
previously published protocols.1 The most time-consuming and throughput-limiting 
steps are, at the moment, data acquisition and analysis. We believe these can be 
automated in the future. Thanks to the use of monodisperse gel beads, it will be 
less challenging to define the borders of individual beads and assign fluorescent 
spots to individual beads than it is in the case of cells fixed on a glass slide, which 
are non-uniform in shape. Automaton of the data acquisition and analysis process 
will increase the throughput of the method up to possibly 105 cells per experiment, 
which has already been reported for a similar system2 and decrease the required 
workload significantly. 
 
 
 
Figure 6.1 Timeline of the workflow of mRNA analysis in hydrogel beads. 
 
We believe that after minor optimization, the method can be used for 
subsequent quantification of 4 different transcripts from single cells. We base this 
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assumption on the fact that in previous work on in situ mRNA detection with 
padlock probes and rolling circle amplification 4 different transcripts were 
successfully quantified in single cells.3 We also believe that beads made of 
thiolated carboxymethyl hyaluronic acid functionalized with DNA can serve as 
mRNA capturing matrix for single-cell RNA sequencing. In situ RNA sequencing 
using padlock probes and RCA was described previously by Ke et al.4 
Somewhat similar to our mRNA quantification method, ligation-based assay – 
multiplex ligation-dependent probe amplification (MLPA) is commonly used in in 
vitro diagnostic of tumors5 and genetic disorders.6 MLPA does not, however allow 
for single-cell analysis. Our method, once optimized, has the potential to fill that 
niche in the future. 
6.1.2 Platform for droplet barcoding for single-cell 
transcriptome and proteome analysis 
The next step in the process of the development of our platform for droplet 
barcoding for single-cell transcriptome and proteome analysis, described in 
Chapters 4 and 5, are so-called “species-mixing experiments”. In this type of 
experiments, mixtures of, typically, mouse and human cells are encapsulated into 
droplets and analysed.7-10 Species-mixing experiments are conducted to assess 
the performance of droplet-based single-cell RNA sequencing method by 
evaluating droplet integrity and the method’s ability to distinguish cells originating 
from different organisms. This is achieved by analysing the numbers of human and 
mouse transcripts that are associated with each cell barcode. It was demonstrated 
previously that inDrop (indexing droplets) platform performs very well in mixed-
species transcriptome analysis.8 However, we made several adjustments in the 
protocol, such as using fixed cells or using different surfactant at different 
concentration. Therefore, it is important to verify if the introduced changes had an 
influence on the droplet integrity and the outcome of species-mixing experiments. 
It will also be of utmost importance to conduct species-mixing experiments 
verifying the numbers of human- and mouse- specific antibodies that were 
associated with each cell barcode. 
In my opinion, one of the biggest challenges in the platform development 
process will be ensuring appropriate sequencing depth for both transcripts and 
protein barcodes, as proteins are much more abundant in the cell in comparison to 
their corresponding transcripts.11 One possible solution to that problem was 
already suggested by Stoeckius et al.10 The authors are working on a 
development of a similar method for single-cell transcriptome and proteome 
analysis with the use of droplet microfluidics. They however focus only on the 
measurement of extracellular proteins. In their library preparation protocol, in the 
course of reverse transcription followed by PCR amplification, two populations of 
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DNA molecules with distinct sizes are produced: cDNA and amplified antibody 
barcodes. These populations can be easily size separated, as antibody barcodes 
are much shorter (<300 nt) than cDNA transcripts. Separation of the two 
populations allows independent library preparation from cDNA and amplified 
antibody barcodes using distinct approaches. Most importantly, it also enables to 
adjust their relative proportions following library preparation and sequence them 
together without compromising sequencing depth of either transcripts or protein 
barcodes. It is likely, however, that our platform will require an alternative 
approach as we use a different library preparation strategy (based on CEL-seq212) 
as opposed to Drop-seq used by Stoeckius et al. 
Once the development process is finished, the platform for droplet barcoding 
for single-cell transcriptome and proteome analysis will enable analysis of post-
transcriptional and post-translational gene regulation as well as studying signalling 
networks on single-cell level. 
The interest and progress in the area of single-cell transcriptomics in droplets is 
tremendous and it already yielded new scientific discoveries.13-15 I am sure that the 
use of droplet-based single-cell transcriptomic methods will lead to identification of 
even more novel cellular subpopulations, give further insight into gene expression 
kinetics, and help advance our understanding of gene-regulatory networks in the 
years to come. I am also looking forward to witness the development of new 
droplet-based technologies enabling measurement of multiple molecular types 
from the same single cell, which will hopefully bring us closer to understanding the 
dynamics of cellular processes. 
6.1.3 General conclusions and perspectives 
There are also a couple of general lessons about droplet microfluidics for single-
cell analysis I learned during last 5 years and I would like to share them with my 
readers. 
As evidenced by our findings described in Paragraphs 3.2.1 and 4.2.6, cell type 
and pre-treatment of cells prior to encapsulation can have a big influence on 
single-cell encapsulation efficiency. The majority of recent studies employing 
droplet microfluidics for single-cell analysis used suspension cell lines.8,14,16-19 In 
my opinion, a systematic study on behaviour of different cell types during 
encapsulation is necessary. This will hopefully lead to addressing the need for 
methods improving single-cell encapsulation efficiency of certain, problematic cell 
types. 
Moreover, agarose is not an optimal material for performing on-bead enzymatic 
reactions. Agarose gel beads partially disintegrate after incubation at temperatures 
commonly used for enzymatic reactions (37-45 °C), because agarose chains are 
not covalently bound to one another (Paragraph 2.2.1). Chemically crosslinked 
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hydrogels provide reliable alternative to agarose for performing on-bead enzymatic 
reactions, as demonstrated in literature8 and this thesis. 
As evidenced by work described in this thesis and work published by others in 
recent years (described in Chapter 1), droplet microfluidics can increase the 
throughput of single cell profiling methods, at the same time reducing costs and 
required workload, as well as enable previously impossible measurments.20 It will 
be exciting to witness further development of the field and follow the breakthrough 
research it will enable in the future.  
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Summary 
Single-cell gene expression levels (protein as well as mRNA) show large cell-to-
cell variations even in genetically identical cells. The real state of each cell in the 
population usually differs substantially from the average. Moreover, in many fields, 
minor subpopulations of cells are often subject of interest to the scientific 
community. Rare cell populations can be responsible for disease development 
(e.g. circulating tumour cells) or fulfil regulatory functions. The detection of the cell-
to-cell variations is not possible in traditional bulk studies, where thousands to 
millions of cells are pooled together and their average state is studied. In recent 
years, technologies capable of analysing single cells have emerged that are 
transforming many fields of biological research. Droplet microfluidics stands out as 
one of the most powerful approaches of studying the functional behaviour of single 
cells. It allows studying single cells and molecules secreted by them at 
exceptionally high-throughput and low cost. Chapter 1 provides numerous 
examples of droplet microfluidics’ applications in single-cell analysis and 
description of its unique features, as well as challenges the field is facing. The aim 
of this thesis was to extend the droplet-microfluidic toolbox described in Chapter 1 
and enable single-cell measurements that have not been possible before. 
Many biological protocols require washing steps for all consecutive (but not 
compatible) steps to be able to run efficiently. One possible way to make droplet-
microfluidic platforms compatible with such protocols is by using hydrogel beads 
and washing thereof. Such hydrogels need to facilitate immobilization of analytes 
of interest within their mesh. Previously published methods of coupling capturing 
molecules to hydrogels commonly used in droplet microfluidics were inefficient. In 
Chapter 2 we describe the development of a new type of hydrogel beads 
containing capturing moieties covalently linked to the polymer forming the bead. 
We used thiolated carboxymethyl hyaluronic acid, which can be chemically 
crosslinked at physiologic conditions into a stable hydrogel and conjugated with 
oligonucleotides. We also established that Glycosil® (commercial thiol-modified 
hyaluronic acid) is not a suitable material for the preparation of hydrogel beads by 
means of droplet microfluidics. 
In Chapter 3 we describe how DNA-functionalized hydrogel beads depicted in 
Chapter 2 can serve as a matrix to capture mRNA from lysed single cells. In 
addition, we report the development of a new method for quantitative single-cell 
mRNA analysis, without pre-amplification bias. mRNA quantification was ensured 
by using padlock probes and rolling circle amplification followed by hybridization 
with fluorescent probes. The number of transcripts in individual cells was assessed 
by simply counting fluorescent dots inside gel beads. The method extends the 
dynamic range of previously published methods by lysing cells and immobilizing 
the mRNA within an increased volume. We applied the method to mRNA analysis 
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of adherent cells as well as cells growing in suspension. We performed 
simultaneous quantification of two different transcripts in single cells. 
Single-cell RNA sequencing is a powerful method allowing identification and 
characterization of known cell types present in a population and the discovery of 
new subtypes. It also gives an insight into how gene-regulatory networks work on 
a single-cell level. In Chapter 4 and Chapter 5 we describe our work towards a 
novel droplet microfluidic setup combining single-cell RNA sequencing with single-
cell proteome analysis. It is important to study transcriptome and proteome of 
single-cells simultaneously, as the levels of proteins and their corresponding 
mRNAs not always correlate in individual cells. Moreover, proteins often define 
responses to treatment more accurately. The method we develop is based on 
inDrop (indexing droplets) RNA sequencing and in Chapter 4 we provide the 
details of establishing this sequencing platform in our lab.  
To allow analysis of both intracellular and surface proteins, cells of interest 
need to be fixed and stained with specific antibodies labelled with oligonucleotides 
bearing antibody-specific barcodes. In Chapter 5 we describe our efforts aimed at 
development of a new fixation method which is compatible with antibody-based 
protein profiling and inDrop RNA sequencing platform. We used DSP 
(dithiobis(succinimidyl propionate)) and SPDP (succinimidyl 3-(2-
pyridyldithio)propionate), commonly used protein cross-linkers. In Chapter 5 we 
describe the validation of DSP/SPDP fixed cells as a material for expression 
profiling experiments in droplets. Based on preliminary results we concluded that 
DSP/SPDP fixed cells will be used in further development of the platform for 
droplet barcoding for single-cell transcriptome and proteome analysis. 
In the final chapter, Chapter 6 I discuss possible avenues for further 
development of the methods described in Chapters 2-5, as well as their potential 
applications. Moreover, I include suggestions for improvement of the systems we 
developed. Finally, I also share more general lessons about droplet microfluidics 
for single-cell analysis I learned while conducting research described in this thesis. 
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Samenvatting 
Genexpressieniveaus van individuele cellen kunnen grote variaties laten zien, 
zelfs in genetisch identieke cellen. De echte toestand van elke cel in de groep 
verschilt meestal aanzienlijk van het gemiddelde. Bovendien zijn op veel 
vakgebieden kleine subpopulaties van cellen vaak van groot belang voor de 
wetenschappelijke wereld. Zeldzame cel populaties kunnen verantwoordelijk zijn 
voor ziekteontwikkeling (bijvoorbeeld circulerende tumorcellen) of zorgen voor 
regulerende functies. De detectie van de cel-tot-cel variaties is niet mogelijk in 
traditionele bulkstudies, waar duizenden tot miljoenen cellen samen worden 
samengevoegd en alleen hun gemiddelde staat wordt bestudeerd. In de afgelopen 
jaren zijn technologieën voor het analyseren van individuele cellen ontwikkeld, die 
veel vakgebieden van biologisch onderzoek transformeren. Druppel-microfluidica 
onderscheidt zich als één van de meest krachtige benaderingen om het 
functionele gedrag van individuele cellen te bestuderen. Deze techniek maakt het 
mogelijk om individuele cellen en de door hen uitgescheiden moleculen te 
bestuderen bij uitzonderlijk hoge doorvoer en lage kosten. Hoofdstuk 1 bevat tal 
van voorbeelden van druppel-microfluidica toepassingen in de analyse van 
individuele cellen en een omschrijving van de unieke eigenschappen daar van, 
evenals uitdagingen waar het vakgebied voor staat. Doel van dit proefschrift was 
het uitbreiden van de druppel-microfluïdische gereedschapskist, beschreven in 
Hoofdstuk 1, en het mogelijk maken van metingen aan individuele cellen die 
eerder nog niet mogelijk waren. 
Veel biologische protocollen vereisen afzonderlijke was-stappen voor alle 
opeenvolgende (maar niet compatibele) stappen om efficiënt te kunnen werken. 
Een mogelijke manier om druppel-microfluïdische platforms te maken die 
compatibel zijn met dergelijke protocollen, is door hydrogel microsferen te 
gebruiken en deze te wassen. Dergelijke hydrogellen moeten immobilisatie van 
analyten faciliteren die van belang zijn in hun netwerk. Eerder gepubliceerde 
methoden voor de koppeling van het vastleggen van moleculen aan hydrogellen 
vaak gebruikt in druppel-microfluidica, waren inefficiënt. In Hoofdstuk 2 wordt de 
ontwikkeling van een nieuw type hydrogelkralen beschreven, die 
gefunctionaliseerd zijn om specifieke moleculen te detecteren. Eerder 
gepubliceerde methoden voor het koppelen vastleggende moleculen aan 
hydrogellen die vaak in druppel-microfluidica werden gebruikt, waren inefficiënt. 
Wij gebruikten gethioliseerde carboxymethyl-hyaluronzuur, dat bij fysiologische 
omstandigheden chemisch gebonden kan worden aan een stabiele hydrogel en 
geconjugeerd kan worden met oligonucleotiden. We hebben ook vastgesteld dat 
Glycosil® (commercieel thiol-gemodificeerd hyaluronzuur) niet geschikt is voor het 
bereiden van hydrogelkralen door middel van druppel-microfluidica. 
In Hoofdstuk 3 wordt beschrijven hoe DNA-gefunctionaliseerde hydrogel 
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microsferen, die in Hoofdstuk 2 worden afgebeeld, kunnen dienen als matrix om 
mRNA van gelyseerde individuele cellen vast te houden. We rapporteren ook de 
ontwikkeling van een nieuwe methode voor kwantitatieve mRNA analyse van 
individuele cellen, zonder de gebruikelijke voor-versterking. mRNA kwantificering 
werd bereikt door gebruik te maken van zogenaamde hangslot sondes en rollende 
cirkel amplificatie gevolgd door hybridisatie met fluorescerende sondes. Het aantal 
transcripten in individuele cellen werd beoordeeld door simpelweg fluorescerende 
stippen in gelkralen te tellen. Deze werkwijze breidt het dynamische bereik van 
eerder gepubliceerde methoden uit, door cellen te lyseren en het mRNA te 
immobiliseren binnen een vergroot volume. We hebben de methode toegepast op 
mRNA analyse van hechtende cellen, evenals op cellen die in suspensie groeien. 
We hebben gelijktijdige kwantificering van twee verschillende transcripten in 
individuele cellen uitgevoerd. 
RNA sequencing van individuele cellen is een krachtige methode waarmee 
identificatie en karakterisering van bekende celtypes in een populatie en de 
ontdekking van nieuwe subtypen mogelijk is. Het geeft ook inzicht in hoe gen-
regulerende netwerken werken op het niveau van individuele cellen. In Hoofdstuk 
4 en Hoofdstuk 5 is het onderzoek beschreven naar een nieuwe druppel 
microfluïdische opstelling die in individuele cellen RNA-sequencing combineert 
met proteoom analyse. Het is belangrijk om tegelijkertijd het transcriptoom en 
proteoom van cellen te bestuderen, aangezien de niveaus van eiwitten en hun 
bijbehorende mRNA’s niet altijd correleren is aan individuele cellen. Bovendien 
definiëren eiwitten vaak de respons op de behandeling nauwkeuriger. De methode 
die we ontwikkelden is gebaseerd op inDrop (indexering van druppels) RNA 
sequencing en in Hoofdstuk 4 geven we de details van het opzetten van dit 
sequencing platform in ons lab. 
Om zowel intracellulaire als extracellulaire eiwitten te kunnen analyseren, 
moeten cellen van belang worden gefixeerd en gekleurd worden met specifieke 
antilichamen die zijn gemerkt met oligonucleotiden met antilichaam-specifieke 
barcodes. In Hoofdstuk 5 worden de inspanningen beschreven, die gericht zijn op 
de ontwikkeling van een nieuwe fixatiemethode die compatibel is met 
eiwitprofielen op basis van antilichamen en inDrop RNA sequencing platform. We 
gebruikten DSP (dithiobis (succinimidylpropionaat)) en SPDP (succinimidyl 3- (2-
pyridyldithio) propionaat), veelgebruikte eiwit cross-linkers. In Hoofdstuk 5 wordt 
de validatie van cellen beschreven, die zijn gefixeerd met DSP / SPDP als 
materiaal voor expressie-profiel experimenten in druppels. Op basis van 
voorlopige resultaten concludeerden we dat de met DSP/SPDP gefixeerde cellen 
gebruikt zullen worden in verdere ontwikkeling van het platform voor druppel 
barcoding voor transcriptoom en proteoom analyse van individuele cellen. 
In het laatste hoofdstuk, Hoofdstuk 6, bespreek ik mogelijke paden voor 
verdere ontwikkeling van de methoden beschreven in de Hoofdstukken 2 tot 5, 
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evenals hun potentiële toepassingen. Bovendien geef ik suggesties voor 
verbetering van de systemen die we ontwikkelden. Tenslotte deel ik ook meer 
algemene lessen over druppel-microfluidica voor de analyse van individuele cellen 
die ik geleerd heb tijdens het uitvoeren van het onderzoek in dit proefschrift. 
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Streszczenie 
Poziom ekspresji genów w pojedynczych komórkach organizmu różni się znacznie 
pomiędzy komórkami, nawet jeśli są one identyczne genetycznie. Faktyczny stan 
każdej z komórek w populacji zwykle istotnie różni się od średniej wartości dla tej 
populacji. Ponadto w wielu dziedzinach biologii rzadkie subpopulacje są 
szczególnie interesujące dla badaczy. Subpopulacje te mogą być odpowiedzialne 
za rozwój chorób (np. krążące we krwi komórki nowotworowe) lub pełnić funkcje 
regulacyjne. Wykrycie różnic pomiędzy pojedynczymi komórkami nie jest możliwe 
w badaniach przeprowadzanych tradycyjnymi metodami, które polegaja na 
analizie uśrednionego stanu tysięcy do milionów komórek. W ostatnich latach 
wyłoniły się jednak nowe technologie, które umożliwiają analizę pojedynczych 
komórek. Technologie te rewolucjonizują badania w wielu dziedzinach biologii. 
Mikrofluidyka kropelkowa wyróżnia się jako jedna z najbardziej zaawansowanych 
metod pozwalających na badanie zachowania pojedynczych komórek. Umożilwia 
ona analizę pojedynczych komórek i substancji  przez nie wydzielanych przy 
wyjątkowo wysokiej przepustowości i niskich kosztach. Rozdział 1 dostacza 
licznych przykładów zastosowań mikrofluidyki kropelkowej w analizie 
pojedynczych komórek, a takze zawiera opis unikalnych cech tej technologi oraz 
wyzwań jakie stoją przed badaczami pracującymi w tej dziedzinie. Celem badań 
opisanych w niniejszej rozprawie doktorskiej było opracowanie nowych metod, 
opartych na układach mikroprzepływowych, umożliwiających niedostępne 
dotychczas pomiary pojedynczych komórek. 
Płukanie jest niezbędnym etapem zapewniającym sprawne działanie wielu 
eskperymentalnych protokołów wykorzystywanych w biologii. Zastosowanie 
hydrożelowych mikrosfer i ich płukania jest jednym z możliwych sposobów na 
wcielenie mikrofluidyki kropelkowej do tego typu protokołów. Hydrożelowe 
mikrosfery wykorzystywane do tego celu muszą pozwalać na immobilazcje w ich 
sieci badanych analitów. Znane do tej pory z literatury metody chemicznej 
modyfikacji hydrożelów, powszechnie wykożystywanych w mikrofluidyce 
kropelkowej, są mało skuteczne. W Rozdziale 2 przedstawione są badania 
mające na celu opracowanie nowego typu hydrożelowych mikrosfer zawierających 
ugrupowania wychwytujace badane anality. W tym celu wykorzystaliśmy kwas 
hialuronowy zmodyfikowany chemicznie tak, aby zawierał grupę tiolową. Dzięki 
obecności tej grupy możliwe jest zarówno chemicznie usieciowanie kwasu 
hialuronowego w warunkach fizjologicznych, z wytworzeniem trwałego hydrożelu 
jak i łatwa jego koniugacja z oligonukleotydami. W wyniku badań opisanych w 
Rozdziale 2 ustaliliśmy również, że Glycosil® (komercyjnie dostępny kwas 
hialuronowy zawierający grupę tiolową) nie jest odpowiednim materiałem do 
przygotowania mikrosfer hydrożelowych za pomocą układów 
mikroprzepływowych. 
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W Rozdziale 3 opisaliśmy w jaki sposób mikrosfery hydrożelowe 
skoniugowane z DNA (scharakteryzowane w Rozdziale 2) mogą posłużyć jako 
matryca do wychwytywania cząsteczek mRNA ze zlizowanych pojedynczych 
komórek. W tym rozdziale przedstawiliśmy także wyniki doświadczeń mających na 
celu opracowanie nowej metody ilościowej analizy mRNA pojedynczych komórek, 
bez konieczności wstępnej amplifikacji kwasów nukleinowych mogącej 
potencjalnie wypaczać wyniki analiz. Metoda ta zapewnia ilościowe oznaczenie 
mRNA poprzez zastosowanie sond DNA zwanych "padlock probes", amplifikacji 
toczącego się koła oraz hybrydyzacji z sondami fluorescencyjnymi. Ilość 
transkryptów w poszczególnych komórkach jest oceniana poprzez zliczanie 
fluorescencyjnych punktów wewnątrz żelowych mikrosfer. Opracowana przez nas 
metoda, w przeciwieństwie do innych, znanych do tej pory z literatuty, pozwala na 
precyzyjne oznaczenie ilościowe także tych mRNA, które znajdują sie w komórce 
w znacznych ilościach. Jest to możliwe dzięki lizie komórek i unieruchomieniu 
uwolnionego z nich mRNA w całej obętości mikrosfery, która jest znacznie 
większa niż objętość samej komórki. Metodę tę zastosowaliśmy do analizy mRNA 
komórek adherentnych oraz komórek rosnących w zawiesinie. Przeprowadziliśmy 
jednoczesną ocenę ilościową dwóch różnych transkryptów w pojedynczych 
komórkach. 
Sekwencjonowanie RNA pojedynczych komórek umożliwia zarówno 
identyfikację i charakteryzację znanych nauce typów komórek obecnych w 
badanej populacji, jak i odkrycie nowych podtypów. Ułatwia ono również 
zrozumienie jak sieci regulacji genów działają na poziomie pojedynczych komórek. 
W Rozdziale 4 i Rozdziale 5 opisaliśmy wyniki naszej pracy nad nową metodą, 
łączącą sekwencjowanie RNA z analizą proteomu pojedynczych komórek, w 
rozwoju której wykorzystaliśmy układy mikroprzepływowe. Możliwość 
równoczesnej analizy transkryptomu i proteomu pojedynczych komórek jest 
niezwykle istotna, gdyż poziomy białek i odpowiadających im mRNA nie zawsze 
korelują w poszczególnych komórkach. Ponadto badania dowodzą, że analiza 
proteomu pozwala na dokładniejsze scharakteryzowanie odpowiedzi komórki na 
chemiczne lub fizyczne bodźce. Metoda, nad którą w momencie pisania tej 
rozprawy wciąż trwają prace badawczo-rozwojowe, zainspirowana jest przez 
opublikowaną w 2015 roku platformę do sekwencionowania RNA pojedynczych 
komórek „inDrop”. W Rozdziale 4 opisujemy proces adaptacji tej platformy w 
naszym laboratorium. 
Aby umożliwić analizę białek nie tylko znajdujących sę na powierzchni komórek 
ale i białek wewnątrzkomórkowych, badane komórki muszą zostać najpierw 
utrwalone, a następnie wybarwione specyficznymi przeciwciałami znakowanymi 
oligonukleotydami o unikatowej dla każdego przeciwciała sekwencji. W 
Rozdziale 5 opisujemy nasze eksperymentalne wysiłki zmierzające do 
opracowania nowej metody utrwalania komórek, która byłaby kompatybilna 
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zarówno z oznaczaniem ilościowym białek za pomocą przeciwciał znakowanych 
oligonukleotydami, jak i platfomą do sekwencjonowania RNA „inDrop”. Do tego 
celu zdecydowalismy się zastosować DSP (odczynnink Lomant’a) i SPDP 
(N-sukcynoimidylo-3-(2-pirydyloditio)propionian), dwa związki powszechnie 
używane do sieciowania białek. W Rozdziale 5 przedstawiliśmy wyniki 
doświadczeń mających na celu ocenę komórek utrwalonych przy pomocy 
mieszaniny DSP i SPDP jako materiału do analizy ekspresji genów w 
mikrokroplach. Na podstawie wstępnych wyników ustaliliśmy, że komórki 
utrwalone przy pomocy mieszaniny DSP i SPDP zostaną wykorzystane w 
dalszych pracach badawczo-rozwojowych nad platformą do sekwencjonowania 
RNA i analizy proteomu pojedynczych komórek. 
W Rozdziale 6 omówiłam możliwe sposoby dalszego rozwoju metod 
opisanych w Rozdziałach 2-5, a także ich potencjalne zastosowania. Ponadto 
zamieściłam w nim sugestie dotyczące udoskonalenia opracowanych przez nas 
technologii. W ostatnim paragrafie dzielę się również nieco bardziej ogólnymi 
wnioskami jakie wyciągnęłam na temat mikrofluidyki kropelkowej wykonując 
badania opisane w niniejszej rozprawie doktorskiej. 
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